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ABSTRACT
Responses of cultured mouse fibroblasts, human erythrocytes, bovine
erythrocytes,

and liposomes with different phosphatidylcholine (PC) and

sphingomyelin (SPM) ratios to both natural and synthetic lytic peptides were
characterized. Peptide-induced morphological alterations of the plasma membrane of
cells were examined by various light microscopic techniques and scanning electron
microscopy (SEM). The ability of natural and synthetic peptides to kill cells and cause
increased permeability of liposomes was evaluated using Trypan Blue (TB) dye
exclusion assay and fluorescent dye leakage assay, respectively.
Differential interference contrast microscopy, SEM, and fluorescence studies
revealed characteristic structural and lipid changes in the plasma membrane of lytic
peptide-treated fibroblasts, and these alterations were accompanied by simultaneous
changes in the cell permeability as indicated by the uptake of TB.
Formation of membrane vesicles, composed primarily of lipids, was
demonstrated in cells treated with a low lethal dose of melittin and eventually resulted
in the liberation of membrane lipids.

SEM revealed that much of the plasma

membrane was lost by S minutes following peptide exposure. Confocal microscopy
confirmed the translocation of membrane proteins from the cell surface to cytoplasmic
areas in peptide-treated cells. A fluorescently labeled peptide was used to demonstrate
the reaction of the peptides with the plasma membrane.
The measurements of the ability of natural and synthetic peptides to kill
fibroblasts allowed classification of these peptides into four groups. The results also
••

vn
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suggested that peptide length and substitution of glycine for alanine affected the
potency of synthetic peptides.
Differential susceptibility of different cell types to destruction by the same
peptides was demonstrated in mouse fibroblasts and human and bovine erythrocytes.
These peptides were less efficient in lysing erythrocytes than in destroying fibroblasts.
This difference in activity was possibly due to the higher content of membrane SPM in
the resistant RBCs. Lytic peptides demonstrated less ability to permeate liposomes
composed of 70% SPM Synergistic effects were demonstrated in mammalian cells
using weak lytic peptides and exogenous phospholipases. The effect was dependant
upon the phospholipid composition of the target ceils. Cell susceptibility and synergy
between peptides and membrane reactive enzymes are important factors in the
selection of therapeutic peptides.
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INTRODUCTION
Small basic amphipathic protons that have the potential to disrupt biological
and artificial membranes are also known as lytic peptides. These lytic peptides serve
to protect insect, amphibian, and mammalian hosts against a variety of pathogenic
agents, hi nature, lytic peptide synthesis and release is an inducible response to
chemical messengers from the host that signal tissue injury or announce the invasion of
the host by pathogenic agents. Most importantly, natural peptides like cecropins and
magainins exert selectivity in their lytic ability. For as yet unexplained reasons, these
peptides destroy invading pathogens without adversely affecting the host's own cells
and tissues. There are, however, other lytic peptides like melittin which are lytic to
both the pathogen and to host cells.
The emergence of pathogenic bacteria that are resistant to conventional
antibiotic therapeutic agents has led to numerous primarily in vitro studies that test the
effectiveness of naturally occurring lytic peptides and their synthetic analogs in
destroying pathogens. The quest has been to design peptides which are very effective
in killing the pathogenic agents; their effects on mammalian cells other than
erythrocytes has been largely ignored.

In order to be effective antimicrobial

compounds, designed lytic peptides must effectively destroy pathogens while
demonstrating minimal cytotoxicity to various host cells and tissues. With the
exception of a few hemolytic assays with mammalian red blood cells, little has been
reported on the effect of lytic peptides on other mammalian cells. The membrane
phospholipid composition of red blood cells in general is considerably different than
1
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the composition of membranes of most other mammalian cells (Yorek, 1993). The
membranes of mammalian erythrocytes in general have a higher sphingomyelin (SPM)
content than the content of phosphatidylcholine (PC),

hi contrast, most other

mammalian cells including mouse fibroblasts have more PC than SPM in their plasma
membranes.
The goal of this research is to characterize the cellular responses of mammalian
tissue culture cells after exposure to selected native and synthetic lytic peptides. The
hypotheses to be tested by this research are that the lytic peptides will rapidly alter the
order or stability of the lipid component of the plasma membrane of mammalian cells
and produce characteristic morphological changes in these cells; and that the
susceptibility of various mammalian cells to destruction by peptides is influenced by
the phospholipid composition of the cell's plasma membrane; specifically that the
relative amounts of PC and SPM in their plasma membranes affect their susceptibility
to destruction by lytic peptides. The specific objectives of this research are:
L

To characterize the morphological alterations in the plasma membrane of 3T3

mouse fibroblasts exposed to lytic peptides using bright field, differential interference
contrast, confocal, and fluorescence microscopy.

n.

To examine cell surface alterations at the ultrastructural level in 3T3 cells at

intervals after exposure to lytic peptides.
HL

To determine the cytotoxic activity of native (melittin, cecropin, and magainin)

and their synthetic analogs in various mammalian cells with different membrane
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phospholipid compositions and to modify the cytotoxic activities of these peptides
with selected exogenous phospholipases.
IV.

To measure the integrity of liposomes constructed with different ratios of

PC:SPM after exposure to peptides.
Melittin was the principal peptide used in these investigations because it has
been well studied, it is commercially available, and due to its strong activity very small
amounts of melittin were required. Other lytic peptides including native and synthetic
peptides were also incorporated.
A 3T3 mouse fibroblast cell line was chosen as the representative mammalian
cell to study the morphological responses of mammalian cells to lytic peptides. The
phospholipid composition, particularly the PC:SPM ratio, of mouse fibroblasts is
similar to that present in most mammalian cells (Yorek, 1993). Human and bovine
erythrocytes that have more SPM in their membranes than most mammalian cells were
also used in the cell susceptibility study.
Multilamellar and unilamellar liposomes of various phospholipid compositions
were designed and prepared. The term "liposome" is used in this study in lieu of
"vesicle" to avoid any confusions later with the descriptions of membrane alterations.
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CHAPTER 1
LITERATURE REVIEW
Introduction
The high frequency with which antibiotic resistance is developing in pathogenic
bacteria has created a genuine concern that existing antibiotics will, in the future, be
ineffective in controlling the sometimes life threatening infections caused by these
agents (Amabile-Cuevas et al., 1995; Davies, 1994). Few new antibiotics have been
developed in the last ten years, and those which have been developed do not utilize
novel mechanisms to destroy these pathogens. Thus, there is concern that even these
new antimicrobial compounds will rapidly become ineffective.

This concern has

recently spurred considerable interest in developing antimicrobial compounds which
use novel mechanisms to destroy pathogens.
One promising area of research related to the development of novel
antimicrobial compounds may have been inspired by the painful sting of a common
insect, the honey bee (Apis mellifera). The varied biological activities of melittin, a
major constituent of honey bee venom, have fascinated biologist for decades. Melittin
is a small basic peptide which has been used to study protein/lipid interactions, to
activate endogenous membrane reactive enzymes, and to lyse various bacteria and
human erythrocytes. While melittin is too toxic to be considered as a potential
antimicrobial agent, it has been used to study the mechanisms of action of lytic
peptides in order to learn more information related to the selection of other less lytic
peptides and to the design of synthetic peptides which are selectively lytic (Kaiser and
4
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Kezdy, 1984; DeGrado et al., 1982). Numerous small basic peptides that are less
cytotoxic but have antimicrobial activities have since been identified (Maloy and Kari,
1995). Because of their common but varying degree of lytic activities against bacteria
and human erythrocytes, melittin and many small basic peptides are referred to as lytic
peptides in this study.
Despite over a decade of research, the molecular events responsible for
melittin's hemolytic properties are still unclear as reviewed by Dempsey (1990).
Regardless of which of the proposed molecular mechanisms of melittin activities is
ultimately proven, it is generally agreed that melittin rapidly disorders the target cell
membrane, thereby enhancing the membrane permeability to ions and water which
results in osmotic lysis (Dempsey, 1990). The mechanisms of pore/ion channel
forming has also been suggested for other lytic peptides (Maloy and Kari, 1995).
Although the mechanism of lysis is still poorly understood, it is recognized that
the usefulness of lytic peptides as antimicrobial compounds will be in their ability to
selectively destroy pathogenic agents without causing cellular injury to the host
(Maloy and Kari, 1995). Given the importance of this aspect of lytic peptide therapy
and due to very limited information on the action of lytic peptides against mammalian
cells other than erythrocytes, this study was initiated to: determine the levels of
toxicity produced by a variety of native and synthetic lytic peptides, describe the
morphological alterations occurring in mammalian cells exposed to these peptides, and
to determine what characteristics of mammalian cell membranes may account for
resistance or susceptibility of these cells to the damaging effects of lytic peptides. The

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

following literature review deals with both native and synthetic lytic peptides, the
structure and function of the plasma membrane of different mammalian cells, and their
interactions with lytic pep-tides. hi addition, peptide interaction with artificial
membranes and synergy between membrane active enzymes and various peptides are
covered.

Lyfo PqyMw
Lytic peptides are small basic proteins generally composed of less than SO
amino acid residues.

These peptides are capable of disrupting the cytoplasmic

membranes of prokaryotic and eukaryotic cells and lead to cell death. A variety of
naturally occurring lytic peptides have been identified in insects, amphibians, and
mammals, and are thought to play an important role in defending these animals against
bacterial pathogens (Zasloff 1987; Soravia et al., 1988; Lee et al., 1989; Boman,
1991; Maloy and Kari, 1995). The presence of multiple arginine and lysine residues
contributes to the basic nature of the peptides. The distribution of hydrophobic and
hydrophilic amino acid residues results in formation of amphipathic molecules. Many,
but not all (e.g. defensins), of these natural occurring peptides form alpha-helices. It
has been suggested that the basic nature of these peptides facilitates the initial
interaction of the molecules with the cell membrane due to electrostatic forces; while
their amphipathic nature dictates subsequent interaction with the polar and non-polar
regions of the cell's membrane (Maloy and Kari, 1995)
While interest in lytic peptides as potential antimicrobial therapeutic agents is
relatively recent, the lytic activities of these naturally occurring compounds against
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both prokaryotic and eukaryotic cells have been recognized for many years. As early
as 19S4, Neumann and Habermann identified melittin as the small basic protein present
in honey bee venom responsible for the direct hemolytic activity characteristic of bee
venom.
Melittin is a unique lytic peptide by itself. However, based on their common
amino acid sequences, secondary structures, and/or sites of activity, numerous lytic
peptides isolated recently can be grouped into families. Three families of lytic peptides
that naturally occur in animals have been recognized. They are: the cecropins, the
defensins, and the magainins. Cecropins were discovered from moths and flies. The
first cecropin (cecropin A) was discovered in the hemolymph of a giant silk moth,
Hyalophora cecropia by Hultmark and Steiner (1980). Cecropins range from 35 to 39
amino acid residues in length and have been shown to strongly bind to negatively
charged lipid bilayers (Nakajima et al., 1987). Two-dimensional NMR spectroscopy
revealed that cecropin A was composed of a positively charged N-terminal
alpha-helical region and a hydrophobic alpha-helical region at the C-terminal (Holak et
al. 1988).
Defensins, similar to cecropins in size, were first discovered in the early 1980s
in mammalian leukocytes and have since been found in other mammalian and insect
tissues (Lepage et al. 1991; Lehrer et al. 1989). Macrophages, neutrophils, cells lining
the intestine, and respiratory epithelial cells (Diamond et al., 1991) contain defensins.
The amino acid sequence of defensins, unlike cecropins, is rich in cysteine (Lepage et
al., 1991); and many members of the defensin family have more arginine than lysine
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residues. The tertiary structure of the molecule consists of a rigid beta-sheet with a
hydrophobic base and a hydrophilic face (Bach et al., 1987).
Magainins isolated from Xenopus laevis are 23-amino acids long and their
anti-microbial activities were first revealed by Zasloff et al. (1987). They were found
to be responsible for antimicrobial activities on the skin and mucosal surfaces of
amphibians. The amino acid sequences of both magainins and cecropins lack cysteine
residues but have more lysine than arginine, which are different from defensins. Using
circular dichroism, Chen et al. (1988) demonstrated an increased helix content in
magainins upon changing the medium from an aqueous solution to certain hydrophobic
solvents. They hypothesized that helicity plays an important role in antimicrobial
activity of magainins.
Many members of these three families exhibit antibacterial, antifiingal, antiviral,
and/or antitumor activities (Cruciani et al., 1991).

Other studies have also

demonstrated that peptide activity is not dependent on the presence of peptide
receptor molecules on the cell membranes of target cells and that both the D and L
isomeric forms of lytic peptides were equally active (Wade et al., 1990). With the
increasing popularity of peptide synthesizer, the use of D-amino acids in the synthesis
of these native peptides may be advantageous in that D peptides are more resistant to
proteolytic degradation and may persist longer in circulation and in host tissues.
Despite numerous reports in the broad range of biological activities of these
lytic peptides, the mechanisms responsible for their activities are not clearly
understood. The hypothetical mechanisms, similar to those proposed for melittin,
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involve peptide aggregation and rearrangement within or on the target cell membrane
leading to the formation of pores or ion channels, which result in loss of membrane
integrity and cause osmotically-induced cell death (Tosteson and Tosteson, 1981;
Westerhoff et al., 1989). Because the cecropins, magainins, and defensins also share
common chemical features with melittin, i.e. they are small basic peptides and
amphipathic in nature, the assumption that a common mechanism of action exists for
melittin and other families of lytic peptides has been advanced. Despite their
similarities, representatives of each of the lytic peptide families mentioned above
demonstrate varying degrees of activity against common target cells. Melittin is by far
more active and has been most studied.
Melittin
By dry weight, 50% of honey bee (Apis mellifera) venom is composed of
melittin (Habermann and Jentsch, 1967).

Melittin is responsible for the direct

hemolytic activity of the venom; and phospholipase A* another major component of
the venom, is responsible for the indirect lytic activity (Neumann and Habermann,
1954). Furthermore, it has been demonstrated that melittin activates phospholipase A?
(Mollay et al., 1976; Shier, 1979). Melittin, a small basic peptide, is composed of 26
amino acid residues (molar mass 2840). The peptide has an amphipathic structure
with a long hydrophobic region (amino acids 1-20) at the N-terminus and a short,
positively charged hydrophilic domain (amino adds 21-26) at the C-terminus. The
melittins from three other subspecies of Apis have been sequenced (Kreil, 1973; Kreil,
1975) and compared to the melittin isolated from Apis mellifera. The peptide from A.
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cerana is identical to the melittin o f A. mellifera. Both peptides from A. dorsata and
A. Jlorea contain several conservative amino add substitutions. In all instances the
secondary structures and the activities of these three latter peptides were expected to
be similar to the melittin of A. mellifera. It is therefore not surprising, that synthetic
compounds with minor conservative substitutions also show similar cytolytic action to
the parent melittin, as those synthesized by Schroder et al. (1971). All evidence to
date indicates that the basic hexapeptide at the C-terminus is important for peptide
binding to the membranes of target erythrocytes while the N-terminal 20 amino acids
may be involved in membrane disruption.
Crude melittin is usually contaminated with very small amount of
phospholipase A,. As both of these components of bee venom are membrane reactive,
considerable efforts to prepare pure melittin have been necessary.

These efforts

include the use of reducing agents to alter the structure and activity of phospholipase
A, (Mollay, 1976); heparin to bind to melittin only (Banks et al., 1981); and reverse
phase high pressure liquid chromatography described by DeGrado (1982) to separate
these two active compounds of bee venom.
The structure of melittin was determined by X-ray crystallography of two
crystal forms grown from melittin solutions containing ammonium sulfate and sodium
formate (Anderson, 1980). Melittin was resolved as a tetramer with one two-fold axis
of symmetry. The peptide's hemolytic activity was retained during crystallization.
Terwilliger and Eisenberg (1982) completed the foil crystal structure analysis, and
found each monomer of a rod-like structure has two alpha-helical segments with a
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bend in the middle, caused by proline in position 14. The helical nature of the peptide
forced the structure to take on two distinct feces, i.e. an inner face with nonpolar
amino acids making it very hydrophobic and an outer hydrophilic fece with polar
amino acids.
Melittin exists as a monomer at very low concentrations and in solutions of low
ionic strength. Dawson et al. (1978) and Lauterwein et al. (1979) confirmed the
monomeric form by circular dichroism (CD) and NMR studies. Using intrinsic
fluorescence measurements, it was demonstrated that monomeric peptides aggregate
into tetramers in solutions of high ionic strength (Habermann and Reiz, 196S; Gauldie
et al., 1976). Oligomers of melittin formed at concentrations above 4 x 10'3 M
displayed an increase in alpha-helical content (Dawson et al., 1978; Lauterwein et al.,
1979). Nearly 90% of the monomeric peptide is in the random coil conformation with
the remaining 10% alpha-helical. In the tetramer, about 6S% of each subunit is
alpha-helical and only 20% retains a random coil conformation (Talbot et al, 1979).
Solutions of high ionic strength and solutions containing high concentrations of
melittin favor aggregation. Melittin in monomeric form is highly lytic while the
tetrameric melittin is much less active (Terwilliger et al., 1982; Hider et al., 1983).
Interestingly, monomeric melittin is able to form an amphipathic alpha-helix upon
binding to the membrane.
Besides its ability to form tetramer in aqueous solution, melittin can also
reduce water surface tension and acts as a surfactant (Habermann and Reiz, 1965;
Habermann, 1958). This latter property suggests that melittin may act as a detergent,
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but the power of melittin as a potent lytic agent does not depend on its detergent-like
property because studies showed that there was no direct correlation between surface
activity and hemolytic activity (Habermann and Kowallek, 1970). The notion that
melittin does not act like a simple detergent was further supported by studies which
demonstrated that fragments of the melittin sequence resulted in decreased hemolytic
activity without affecting the surface activity (Schroeder et al., 1971).
Melittin and Phospholipids
Tryptophan fluorescence studies showed that melittin binds to phospholipids
(Mollay and Kreil, 1973). The binding of monomeric melittin to phospholipids is very
rapid and of high affinity. Almost three decades ago, Sessa et al. (1969) reported
phospholipid liposomes (artificial membranes) exposed to melittin became more
permeable to small solutes and lost lipid fragments. They related these findings to the
efficient hemolytic activity of melittin. Faucon et al. (1979) later recognized the
importance of the physical state of zwitterionic lipids, such as the choline-containing
phospholipids, in the interactions with melittin. Under physiological conditions, lipids
exist in a semifluid state in cell membranes; therefore, interaction with melittin was
promoted above the transition temperature of a particular lipid. On the contrary,
cooling below the transition temperature would cause the release of melittin already
inserted into the lipid bilayer. These studies also demonstrated that hydrophobic forces
are primarily responsible for the stability of peptide bound to the bilayer. Using CD
measurements, intrinsic fluorescence, and NMR, it was concluded that monomeric
melittin assumes a structural change from a random-coil to an alpha-helical
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13
conformation after binding to the lipid bilayer (Drake and Hider, 1979; Faucon et al.,
1979; Lauterwein et al., 1979; Brown et al., 1981; Brown et al., 1982) and acquiring a
two-face amphipathic property. Acquisition of this latter property promoted increased
stability of the interaction of the peptide with the phosphate groups of phospholipids
(Hoi et al., 1978). Experiments on artificial membrane systems as well as other in
vitro experiments have led to various hypotheses on the mechanism of action of
melittin. The proposed mechanisms include: the formation of ion channels or pores as
a result of peptide polymerizations within the bilayer (Tosteson and Tosteson, 1981;
Cruciani et al., 1991), the aggregation of native membrane proteins which exposes
large areas of the lipid bilayer to the disruptive action of the peptide (Hui et al., 1990),
the release of phospholipids from plasma membranes (Katsu et al., 1989), the
formation of lipid micelles within the membrane resulting in pores from which cellular
contents leak (Dufourcq et al., 1986), and the "wedge" effect in which the melittin
binds to one leaf of the bilayer causing an increase in its surface area and eventually
destabilizing the bilayer in a detergent-like fashion (Dawson et al., 1978). Although
these proposed mechanisms are still uncertain, it is generally agreed that peptide/lipid
interactions rapidly destabilize the bilayer so it becomes more permeable to ions (and
water), leading to osmotically-induced cell lysis (Tosteson and Tosteson, 1981).
Mollay (1976) studied the amount of lipid-bound water as a measure of the
effect of melittin on the gel-liquid phase transition of dimyristoyiphosphatidylcholine
(DMPC). They observed a significant increase in lipid-bound water at a ratio of 1
melittin to 100 lipid molecules. Melittin, as a characteristic of its potent lytic activity,
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produces changes on the structure of lipids at a very low concentration. Posch et al.
(1983) described the ability of melittin to induce disruption of lipid bilayers in a highly
concentration dependent manner. At a low peptide:lipid ratio of 10'3, the cooperative
phase transition temperature in model membranes was increased, but decreased at
higher peptide:lipid ratios (>1 mol %). They further proposed a "domino" effect of
melittin at very low concentrations disrupting a mosaic of lipid clusters. Levin et al.
(1982) studied the effect of melittin on lipids at high molar ratios and obtained rather
complicated evidence that "melting" of an immobilized annulus of lipid surrounding the
peptide occurred, while the bulk of the lipids outside the annulus changed from gel to
liquid crystal.
Using freeze-fracture electron microscopy,

Dufourcq et al. (1986) also

demonstrated that the melittin-induced morphological changes of lipid dispersions (i.e.
flat multilayers) were concentration dependent. The changes included the conversion
of flat multilayers into vesicles at a low melittin concentration (30:1 molar ratio of
lipid: peptide) and into discoidal particles at a high peptide concentration (15:1 molar
ratio of lipid:peptide). The ability of melittin to fuse liposomes was demonstrated by a
photochemical detection method, electron microscopy, and gel filtration (Bradrick and
Georghiou, 1987; Morgan et al., 1983). There are, however, few studies which use
the light microscope to directly observe the membrane changes in cells following their
exposure to melittin.
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Synthetic Lytic Peptides
Melittin, gramicidin A, and alamethicin are three naturally occurring
membrane-active peptides that have been used frequently to study protein-lipid
interactions. Gramicidin A and alamethicin are peptides secreted by the fungus
Trichoderma xriride and various strains of Bacillus brevis, respectively. They interact
with the lipid bilayer and produce cation selective transmembrane channels (Finkelstein
and Andersen, 1981; Mueller and Rudin, 1968). Recently, synthetic peptides have
increasingly been used to explore protein-lipid interactions. Two important
considerations based on studies with natural peptides are necessary in the design of
peptide analogs: both primary and secondary amphiphilicity of the peptide are
important in membrane binding; and the peptides frequently, depending upon their
environment, demonstrate structural polymorphisms (Gennis, 1989).
Two classes of synthetic peptide models have been considered (Gennis, 1989)
based on the criteria stated above: peptides which exhibit primary amphiphilicity,
modeling a transmembrane hydrophobic alpha-helix of about 20 residues long with
mostly hydrophobic amino acids; and peptides which have potential secondary
amphiphilicity (i.e. two opposite frees, a hydrophobic side and a hydrophilic side),
either as alpha-helices or beta-sheets. Peptides designed to form secondary amphiphilic
alpha-helices have been the focus of numerous studies. Many peptides have modeled
the potential alpha-helical segments in several peptide hormones including
beta-endorphin (Blanc and Kaiser, 1984) and calcitonin (Epand et al., 1986).
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Kaiser et al. (1983, 1984) and DeGrado et al. (1981) demonstrated the
importance of amphiphilic secondary structures to peptide function by synthesizing a
peptide analog of melittin of equal length in which the 20 amino acid residues at the
N-terminus had very little homology to the parent sequence but retained the propensity
to form an amphipathic helix; and the C-terminus was left unaltered. The melittin
analog can exist as a monomer and form a tetramer depending on the concentration
and the environment. Circular dichroism studies revealed 69% and 35% helix content
for the tetramer and monomer, respectively. Additionally, the analog showed
properties similar to melittin including its ability to induce hemolysis and activate
phospholipase

Greater hemolytic activity was induced by the peptide analog than

noted with the parent peptide. The results appeared to support the proposed structural
role of the 20 amino acid segment of melittin.
DeGrado's group and other laboratories continued to design synthetic peptides
to verify the relationship between secondary amphiphilicity and functional activity
(DeGrado et al., 1981; DeGrado, 1983; Taylor, 1988). Anzai et al. (1991) reported
results of structure-function studies on shorter cationic alpha-helical amphipathic
model peptides of 8-12 residues. Their peptides were composed of leucine, arginine,
and alanine residues only and were capable of forming ion channels. Several peptide
design teams were able to use only leucine and lysine residues in their synthetic model
peptides to induce an amphipathic alpha-helical conformation to show potent
antimicrobial activities (Blondelle and Houghten, 1992). Edgar and Jahnig (1992)
suggested that a stronger aggregation of the melittin peptide analog in water
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contributed to the enhanced hemolytic activity observed by DeGrado and Kaiser
(1981). Using the amphiphilic alpha-helix as a minimalist starting point, both the
Hodge's and DeGrado's groups have recently attempted minimalist approaches in the
design of alpha-helical peptide using repetitive heptad units (Zhou et al., 1992;
Akerfeldt et al., 1993). A heptad unit consists of seven amino acid residues.
McLaughlin at LSU has also designed several putative lytic peptides with a similar
approach and synthesized multimers of heptads with 7, 14, 21 and 28 residues
composed of lysine and leucine with alanine or glycine (M. McLaughlin, personal
communication). With the exception of all 7-mers, all of these designed peptide
analogs have demonstrated varying antimicrobial activities (M. McLaughlin, personal
communication). The effect of these peptides on plasma membranes of mammalian
cells has yet to be determined.
The Plasma Membrane
Function of the Plasma Membrane
The intact plasma membrane serves as an essential barrier that protects the
internal organelles of a cell from the external environment. It controls the movements
of ions, nutrients, and metabolites into and out of the cell. These tasks are achieved
via intricate mechanisms which are orchestrated by components of the plasma
membrane that recognize and respond to constant changes in the environment. Plasma
membranes are in essence lipoprotein structures. The lipids in plasma membranes,
governed by the lipid composition and physical state, can profoundly affect cell
phenotype and a wide array of functions in the cell. The lipid fluidity determines the
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dynamics of functional units which are lodged in the lipid matrix. Some examples of
these functional units are: the expression or exhibition of cell surface antigens and
receptors; the ligand-induced redistribution of these antigens and receptors, resulting
in "patching" or capping; the microaggregation of receptors, essential for signal
transduction of various hormones; the formation of cAMP as a result of the interaction
of occupied hormone receptor with the catalytic unit of the adenylate cyclase system;
the activity of numerous enzymes; and carrier-mediated transport activities. Lytic
peptides disrupt the integrity of the membrane by interacting with the essential
component, i.e. phospholipids, that maintains the lipid matrix. This is evidenced by
leakage of hemoglobin from peptide treated erythrocytes (DeGrado et al, 1982).
Structure of the Plasma Membrane
Phospholipids are the major constituents of biological membranes and together
with other lipids, sterols and glycolipids, form the matrix of the membrane. Most of
the lipids in biological membranes are organized as a lipid bilayer which was first
proposed by Gorier and Grendel in 192S. The polar head groups are located on the
exterior side of the outer and inner leaflets of the bilayer, and the hydrophobic fatty
acid chains are in the membrane core. The lipid bilayer is about 5 nm in thickness and
is incapable of performing on its own many aspects of membrane-associated functions
without the protein components. Membrane proteins are the second predominant
component of the membrane. Danielli and Davson (1935) first postulated that proteins
coated the surfaces of the lipid bilayer. After years of research, we now know proteins
of various types are either lodged within the lipid matrix (integral membrane proteins),
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or are loosely associated with the membrane (the peripheral membrane proteins).
Human erythrocyte glycophorin is an example of an integral protein and spectrin of the
human erythrocyte membrane is an example of a peripheral protein. A majority of the
transmembrane proteins (a subdivision of the integral membrane proteins) are
glycosylated (e.g. with sialic acid) on the portions of the molecule exposed to the
extracellular environment. Both lipids and proteins are required to perform in a
concerted effort in maintaining many properties of cell membranes.
Cholesterol or other related sterols are also important components of
biological membranes in most forms of organisms except for some microorganisms
(Nes, 1974; Law and Snyder, 1972). It has a two-fold effect on the fluidity of
membranes. The presence of cholesterol can maintain the fluid nature of the bilayer
below the phase transition and can make it less fluid above the transition temperature.
However, Mollay and Kreil (1973) found no interaction between melittin and
cholesterol by fluorescence measurements.

The role of cholesterol in lytic

peptide-mediated membrane events is still unclear.
The lipid bilayer proposed by Singer and Nicolson (1972) in their fluid mosaic
model is a dynamic structure. Inside this fluid-like phospholipid bilayer, the
components exhibit various movements including rotation of lipids, lateral diffusion in
the membrane plane, flip-flop movement between the monolayers, and undulation of
the whole bilayer (Kotyk et al., 1988). Lateral diffusion occurs more readily than the
flip-flop movement because of a higher energy requirement for the latter. These two
movements are in part responsible for exchanging lipids between the bilayer. Flip-flop
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movements under normal conditions would take hours (Komberg and McConnell,
1971; Lipka et al., 1991; Fattal et al., 1994), while lateral diffusion occurs in seconds.
The former movement can be catalyzed by flippases, enzymes located in the
membrane, to half-times of less than 5 min (Seigneuret and Devaux, 1984). Fattal et
al. (1994) demonstrated the rapid flip-flop with half-times on the order of seconds as a
result of membrane perturbation mediated by melittin. There was no pronounced
effect on phospholipid flip-flop by peptides that intercalate into the bilayer such as
gramicidin A and valinomycin. They suggested that the enhancement was to ensure
that all of the phospholipids in the bilayer are substrates for the phospholipase A

2

activated by melittin (Mollay et al., 1976).
Phospholipids of Eukaryotic Membranes
Phospholipids of eukaryotic membranes are divided into two main groups
which constitute 80 to 90% of the total membrane phospholipids. These groups are
the choline phospholipids, phosphatidylcholine (PC) and sphingomyelin (SPM); and
the amino phospholipids, phosphatidylethanolamine (PE) and phosphatidylserine (PS).
In addition, there is a very small percentage of phosphatidylinositol (PI) which is very
important in signal transduction (Nishizuka, 1984).
All lipids including sterols are synthesized on the membranes of smooth
endoplasmic reticulum with the exception of lipids specific for certain organelles, e.g.
cardiolipin in mitochondria. There is a specific protein, especially in growing cells, to
catalyze the incorporation of cytoplasm-synthesized phospholipids into the outer
leaflet of the plasma membrane. The half-life of total phospholipids in rat liver is 5-10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

21
days (Kotyk et al.., 1988). Phospholipids, such as phosphatidylinositol, involved in
the hormone-triggered regulation of metabolism are likely to have a different half-life.
Their overall turnover may increase significantly upon stimulation. Mollay et al.
(1976) showed that melittin can stimulate hydrolysis of lipids by activating
phospholipase

thereby disrupting the normal turnover rate and subsequently

destroying the integrity of the membrane.
PC and SPM
Phospholipids are amphipathic in nature, both SPM and PC are members of the
group of lipids classified as non-soluble, swelling (i.e. bilayer forming) amphipaths
which serve as the matrix of the biological membrane.

These two choline

phospholipids have an overall neutral charge and are similar on the macroscopic level.
The phosphorylcholine polar head group is common to both, but other regions, i.e.
interface region and acyl chain compositions, have distinctly different structural
features. Many physical properties of choline phospholipids vary with their acyl chain
compositions.
In most biological membranes, the acyl chains of SPM are more saturated than
the other phospholipids. The membrane order and dynamics can be influenced by the
acyl chains of SPM and changes in fatty acid composition can be induced by diet. The
distinguished interface regions of SPM may cause increased stability and reduced
permeability of the membrane. The PC to SPM mole ratio in the membrane can affect
the distribution and/or orientation of other membrane components such as proteins in
the lipid bilayer. Some proteins require specific lipids which are necessary for their
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catalytic activities (Gennis, 1989). This special requirement may have contributed to
an uneven ratio of PC to SPM in the exterior membrane of various mammalian cells.
The imbalance is particularly noticeable in some animal species (e.g. sheep
erythrocytes) for a purpose still largely unknown. There is no clear evidence that lytic
peptides react alike with PC and SPM enriched membranes.
Several studies using liposomes have demonstrated that the phospholipid
composition of liposomes significantly influences the interaction of lytic peptides with
the membrane (Nakajima et al., 1987; Matsuyama and Natori, 1990; Matsuzaki et al,
1991). Most studies have used simple artificial membranes consisting of a single
phospholipid species, PC in particular. In one study, SPM was used to explain the
effect of melittin on a multilipid system; however, the influence of this phospholipid
on peptide/ membrane interaction was not explained (Gromova et al., 1992).
PC and SPM Content in Various Membranes
Membranes from diverse sources show considerable variations in the content
of SPM. In many systems, the sum of the two choline-containing lipids, SPM and PC,
constitutes about half of the total phospholipids, although the mole ratio of these two
components may differ significantly. This is true even for membranes of different
organs and tissues of a single species.
The lipid composition of erythrocyte membrane has been most often studied.
The SPM to PC ratio in erythrocytes varies with mammalian species from 0.2S in rats
to above 12 in ruminants (Rouser et al., 1968; Zwaal, et al., 1973). In general, there is
a relatively low SPM to PC ratio in the plasma membranes of mammalian cells when
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compared to that in their erythrocytes. SPM is relatively rare in the nuclear and
mitochondrial membranes, while ER and Golgi membranes have intermediate values
(Rouser et al., 1968; White, 1973). It is intriguing that most envelope viruses contain
relatively high levels of SPM in their envelopes compared to the levels of SPM in their
host cells' plasma membranes (Klenk, 1973; Lenard and Compans, 1974; Blough and
Tiffany, 1973). Aloia (1993) reported that the SPM content in HIV isolates was
25-28%, while the plasma membrane of host cells contained a SPM content of
14-25%. It is not known whether the anti-HTV activity discovered in an analog of
polyhemusin n, a host defense basic peptide isolated from the horseshoe crab, is
related to this peptide's ability to react with the SPM rich envelope of the virus
(Masuda et al., 1992; Nakamura et al., 1988).
Asymmetric Distribution of PC and SPM in the Lipid Bilayer
Various phospholipases were used to demonstrate the asymmetric distribution
of phospholipids in the bilayer of the human erythrocyte membrane (Verkleij et al.,
1973; Colley et al., 1973; Zwaal et al., 1973). It was shown that all of the SPM and
most of the PC were located in the outer leaflet of this membrane, while PE and PS
were the major constituents of the cytoplasmic face of the membrane.

Uneven

distribution of SPM is common to most mammalian cells including mouse fibroblasts
(Sandra and Pagano, 1978). In biological membranes, phospholipid asymmetry is
critical for membrane functions (Op den Kamp, 1979; Etemadi, 1980). Erythrocyte
membranes that have an abnormal asymmetric distribution of phospholipids are more
regularly destroyed by phagocytosis.
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Due to their basic charge, lytic peptides may have increased affinity for binding
with anionic phospholipids, which contributes to the preferential selectivity of peptide
interacting with prokaryotic membranes that are particularly enriched in acidic
phospholipids (Voelker, 1985). The phosphate moiety in the polar head group of
neutral phospholipids is the most likely reactive site for lytic peptides such as melittin,
since this species of phospholipids is concentrated in the ourter leaflet of mammalian
plasma membranes.
Changes of PC:SPM Ratios Due to Aging and Pathological Conditions
The phospholipid composition of tissues differs between fetal and adult
mammals; e.g. adult human liver microsomal membranes contain more PE and PS
while the fetal tissue is sphingomyelin-rich (Kapitulnik et al., 1987). The PC:SPM
molar ratio is significantly increased in adult tissue. The lipid compositions of the
plasma membranes of aged tissues change as phospholipid turnover rates decrease. A
good example of the effects of aging on lipid composition may be observed in cells of
the human aorta and arteries. With aging, there is a marked increase in the relative
contents of SPM and cholesterol in the membranes of these cells (Eisenberg et al.,
1969). A more pronounced increase in SPM content occurs during the development
of atherosclerosis. During aging, SPM reaches 40% of the total lipid of the intima;
however, in advanced aortic lesions, it may reach levels as high as 70 to 80% of the
total phospholipids.

This increase in SPM content is the result of decreased

sphingomyelinase and increased phospholipase A,. The combined effect results in an
accelerated hydrolysis of PC and PE and an accumulation of SPM. Other possibilities

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

25
may include a marked increase in the entry rate of the serum sphingomyelin into the
damaged aortic wall. Changes in the SPM to PC ratio have also been noted in aging
human brain (Rouser et al., 1972) and in numerous pathological diseases, such as
muscular dystrophy (Owens and Hughes, 1970) and in some malignant diseases
(Barenholz and Thompson, 1980). As mentioned before, the change in lipid
composition of aging brain cells and tumor cells could result from abnormal transport
activity and/or variations in enzymatic activities.
Magainins have been reported to destroy in vitro transformed cells (Cruciani et
al., 1991). The effective concentrations which destroyed neoplastic cells were
minimally toxic to normal cells. As mentioned previously, specific receptors have not
been shown to be important in the interactions of peptide and host cells, and the
heightened susceptibility of tumor cells to lytic peptides at concentrations not toxic to
normal cells may be attributed to a change in membrane lipid composition in these
cells. In addition to changes in the SPM to PC ratio, increased content of acidic
phospholipids in the outer leaflet of the bilayer of tumor cells may also result in higher
affinity of lytic peptides to these abnormal cells.
Specific Interaction of PC and SPM with Proteins
It is not unusual that certain membrane proteins require the complementation
of specific phospholipids for their membrane associated functions. A good example is
Na+/K+-ATPase isolated from rabbit kidney that binds strongly to liposomes composed
of SPM but not to liposomes rich in PC (Barenholz and Thompson, 1980). Rapid
changes in the composition/configuration of the lipid bilayer would be likely to affect
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the normal function of membrane proteins. Slotte et al. (1990) demonstrated that
treating baby hamster cells with sphingomyelinase dramatically decreased the activity
of Na7K+-ATPase. Furthermore, they suggested that SPM has profound effects on
the distribution of cell membrane cholesterol.

Alteration in the phospholipid

composition of the plasma membrane would, therefore, selectively affect important
metabolic reactions. Distribution of membrane proteins is also important for protein
functions, and such distribution is subject to the transition temperature of
phospholipids.

Even distribution of membrane proteins occurs only above the

transition temperature at which phospholipids change from the gel state to liquid state.
Membrane proteins tend to cluster below this temperature resulting in decreased
activities (Kotyk et al., 1988). It is evident that lytic peptides disrupt membrane lipids,
but there are only limited studies on the effect of these peptides on membrane
proteins. Hui et al. (1990) using electron microscopy described the aggregation of
membrane proteins in human erythrocytes following exposure to melittin. It was
suggested that protein aggregation may expose the bilayer to additional melittin and
resulted in further damage. Others have found that the rotational mobility of band 3
protein in the erythrocyte membrane was significantly reduced by lytic concentrations
of melittin (Clague and Cherry, 1988).
Effect of PC/SPM on Mechanical Properties and Membrane Organisation
The amounts of SPM and PC in membranes affect the mechanical properties of
erythrocytes. It has been demonstrated that the erythrocytes of patients with a
beta-lipoproteinemia contained increased amounts of SPM and reduced amounts of
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PC. Cells from these patients also demonstrated an increased membrane microviscosity
and increased filtration time which implied a reduction in membrane deformability
(Barenholz and Thompson, 1980). It has also been shown that cells rich in SPM have
increased stability in iso-osmotic conditions, however, they are less stable in
hypo-osmotic conditions. The same relationships have also been demonstrated with
artificial membranes with varying concentrations of SPM and PC. In addition, they
showed red blood cells and liposomes that have higher contents of SPM are less
permeable to non-electrolytes. These cells were also reported to be less able to
actively transport K+(Kirk, 1977). There is a strong effect of SPM content on the free
volume of lipid bilayer due in part to the saturation of fatty acid chains. Viral
membranes that are richer in SPM and cholesterol than the host cell plasma
membranes are more ordered and closely packed (Aloia et al., 1993). The more
orderly packing of lipids in the SPM rich membrane decreased the permeability of such
membranes. Moreover, packing order of lipids may affect the accessibility of lytic
peptides to their reactive sites in the lipid bilayer. How the mechanical stability of
lipids influences the potency of lytic peptides is not known.
Liposomes - Artificial/Model Membranes
Phospholipids can be used to form liposomes whose permeability properties
are similar to those of biological membranes (Sessa et al., 1969). The liposomes
retain cations and divalent anions but allow monovalent anions and water to diffuse
freely (Bangham, 1967). As with cells, swelling occurs in lipsomes when confronted
with osmotic stimuli (Bangham, 1967). Liposomes of various surface charges and
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lipid compositions can be constructed. The size of liposomes varies with the types of
lipids use and with their ionic environment.

Multilamellar liposomes exist as

concentric lipid layers with intercalated water compartments (Hauser, 1993) in which
marker ions or fluorescent molecules are trapped (Allen and Cleland, 1980).
Unilamellar liposomes are composed of a single lipid bilayer and are prepared from
multilamellar forms by extrusion through fibers with uniform pore sizes (Olson et al.,
1979) . Both multilamellar and unilamellar liposomes have been used as model
membranes in studies of peptide/membrane interaction. Alterations in permeability
and morphology of these synthetic lipid structures may be detected.
Phg}ph,qlipMft
The purification of bacterial phospholipases by Roelofsen, Zwaal, and others
(Roelofsen et al., 1971; Wooward and Zwaal, 1972; Colley et al., 1973; Renooij et al.,
1976, Roelofsen and Schatzmann, 1977) led to numerous important studies using
these enzymes to determine the structure and functional relationships of lipids in
biological membranes. These enzymes and their applications in membrane studies
have been extensively reviewed (Zwaal et., 1973; Zwaal et al., 1975; van Deenen et
al., 1976). It is known that accessibility of the enzymes to their corresponding
substrates (Macfarlane, 1950) is important in the determination of enzyme potency. A
relationship was suggested between the potency of various phospholipases to lyse
intact RBC and their effects on artificial phospholipid monolayers at different lateral
pressures (Zwaal et al., 1975; Demel et al., 1975; van Deenen et al., 1976). The
correlation may explain why different phospholipases have different activities on
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different membranes despite similarities in enzyme-substrate relations. Furthermore,
the packing of lipids, as discussed previously, can affect the membrane surface lateral
pressure.
Phospholipase A,
Phospholipase A, (EC 3.1.1.4) (PLAj) is an enzyme that catalyses the
hydrolysis of natural lipids, deacylating at position 2 to produce tysophosphoglycerides
and long chain fatty acids. Both products are powerful membrane-active agents as
they are able to interact with and influence the lipid bilayer structure that surrounds the
cells. The turnover of biological membranes is largely dependent on the enzymes of
this class. It is not surprising that the enzyme activity was particularly prominent in
studies using erythrocytes from ruminants (sheep, cow, and goat), which contain the
highest ratio of SPM to PC (Kramer et al., 1974, Zwaal et al., 1974). A high activity
of this enzyme may be responsible for the low amount of PC in these membranes.
There are three types of phospholipase A,, type I, type n, and cytosolic PI^
(cPLAj) (Kudo et al., 1993). Type I and type IIPLA, are both secretory enzymes.
Type I is present in mammalian pancreatic cells and in snake venoms from Elapidae
and Hydrophidae. Type H PLA, may be found in the exudate fluid in inflamed sites
and snake venom from Crotalidae and Viperidae. Cytosolic PLA is a key enzyme in
2

stimulus-coupled arachidonate metabolism, it is present in the soluble fraction of cells
and tissues, e.g. human platelets and neutrophils, mouse peritoneal macrophages, and
rabbit lung and liver. Type I and II require Ca** at mM concentrations for optimal
activity and cPLA, needs only uM concentrations of calcium for optimal activity. PE
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and PC are substrates for these enzymes. In addition, cPLAj requires the arachidonoyl
residue on these phospholipids. Although the molecular mass of Type I and n are
about 14,000, they have different disulfide bonds. Cytosolic PLA, is significantly
bigger (molar mass 85,000) and must undergo translocation to the membrane
following Ca** activation (Diez and Mong, 1990).
A structurally different PLAj has been isolated from bee venom. Neumann et
al. (1952 ) first reported the presence of a glycosylated phospholipase A, in the venom
of the honey bee (Apis mellifera). Shipolini et al. (1974) determined its primary
sequence as a single polypeptide chain of 128 amino acid residues, cross-linked by four
disulfide bridges. The carbohydrate moiety is attached at position 13. The bee venom
enzyme has no obvious sequence homology with those from type I and n, and has
been referred to as type III (Dennis, 1983). Other characteristics of bee venom PLA,
feature a variable molecular mass ranging from 14,555 to 15,800 depending on the
presence or absence of the carbohydrate moiety. This PLA has an isoelectric point of
2

10.5 +/- 0.1 resulting in a molecule with an overall positive charge. The freeze-dried
enzyme is highly stable even after years of storage at room temperatures without
substantial loss of activity.
Despite the difference in peptide sequence, bee venom PLAj has the same
substrate specificity as do similar enzymes from other sources (Kudo et al., 1993). For
the fatty acid ester bond to be hydrolyzed it must be in close proximity to an
ester-bound, negatively charged inorganic moiety, e.g. phosphate, phosphonate,
sulfate. Coincidentally, the phosphate moiety is the proposed reactive site for lytic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

31
peptides such as melittin. The activity is neither affected by the length of fatty acid
chain nor the degree of unsaturation in R2 of the glycerol backbone, and PC, PE and
PS are all good substrates as opposed to PI and SPM which are poor substrate for this
enzyme.

Like other phospholipase Aj, the bee enzyme is also activated more

effectively by calcium than other divalent cations. It is active between pH range 5-9
and at temperature between 15 and 65 °C.
Synergistic Effect between Melittin and Phospholipase A,
The potency of melittin as a lytic agent in bee venom is related to
phospholipase Aj (PLA,), another bee venom component. This relationship was first
recognized by Habermann as early as 1957 and further investigated by Vogt et al.
(1970), and then by Mollay and Kreil (1974) in erythrocytes and artificial membranes.
The cooperative action between melittin and PLAj is generally referred to as a
synergistic effect. Yunes et al. (1977) suggested that melittin activates PLA by
2

interacting with the membrane to expose the substrate to enzymatic action, resulting
in an increase in the rate of hydrolysis. There is no evidence of modification of the
enzyme by melittin. The enhancement of PLA, activity can be as much as 5-fold and is
subject to the fluidity of the phospholipid substrate and the molar ratio of melittin to
phospholipid. A similar synergistic effect was observed by Mollay et al. (1976) on £
coli membranes as well as liposomes consisting of PE.

Melittin activated both

endogenous and exogenous PLA* although the former is present in a very low
concentration in this organism. Synthetic peptide analogs of melittin (DeGrado et al.,
1981) also retain the property to activate PLA ,.
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Shier (1979) later reported an enhancement of endogenous PLA, by melittin in
cultured 3T3 mouse fibroblasts. As much as 60% of the labeled lipids were hydrolyzed
as a result of enhanced PLA, activity. He proposed that activation of PLA, may be
responsible for the cytotoxicity of melittin since it interfered with the normal
regulatory role of the enzyme. The product of hydrolysis were detected within minutes
with melittin at concentrations less than 10** M.

It is quite possible that the

co-existence of melittin and PLA, largely accounts for the toxicity of bee venom..
Sphingomyelinase
Sphingomyelin is degraded by a sphingomyelin-specific phospholipase C, called
sphingomyelinase (EC 3.1.4.12 ), an enzyme originally isolated as the beta-hemolysin
of Staphylococcus aureus (van Deenen et al., 1961). Phosphocholine and ceramide
are the degradation products. There are at least two types of sphingomyelinase
identified in mammalian tissues; one is a lysosomal enzyme and the other is localized
primarily in the plasma membrane (Hostetler and Yazaki, 1979; Bartolf and Franson,
1986, Das et al., 1984). The optimal activity of the former is at an acidic pH, while
the latter is active at a neutral pH.
Due to the potential toxic properties of sphingomyelinase, Wadstrom and
Mollby (1971a) tried to purify it while they also conducted studies on its substrate
specificity (1971b). Bacterial sphingomyelinase is a potent hemolysin of molar mass
26,000-38,000 (Wiseman, 1970; Jeljaszewicz, 1972). The protein has an isoelectric
point between 9.3-9.5 and is highly dependent on Mg** for activation, but seems to be
unaffected by SH-binding agents (PLA, is affected by SH-binding agents).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The

purified enzyme is stable at -20 °C in lyophilized form with Mg** or in 50% glycerol.
Sphingomyelinase has been known of its ability to cause "hot-cold” hemolysis of sheep
RBC (Mollby, 1978). Hemolysis occurs only after an initial incubation with the
enzyme at 37 °C followed by a cooling period at 4 °C. The cooling effect can be
replaced by using Staph, alpha-toxin or delta-toxin (Mollby, 1976) to synergistically
lyse sheep RBC that have been depleted of SPM by sphingomyelinase. Considering
the intimate relationship of sphingomyelin and cholesterol and membrane proteins, the
enzyme responsible for its degradation unquestionably plays an important role in cell
metabolism. Almost three decades ago, the lysosomal type sphingomyelinase was
linked to the Niemann-Pick sphingolipidosis (Koval and Pagano, 1991). While melittin
and phospholipase

act synergistically to lyse erythrocytes, the question of synergy

between melittin and sphingomyelinase has yet to be addressed.
Morphological changes in erythrocytes exposed to sphingomyelinase have been
reported (Coleman et al., 1970, Low et al., 1973, Verkleij et al., 1973). Ceramide,
the neutral lipid product of the enzymatic activity, accumulated in the plasma
membrane as lipid droplets which were seen as "black dots” by phase contrast
microscopy and dense masses by the electron microscopy. The membrane also shrank
to approximately 50% of the initial surface area. An increased vesiculation of the
membrane or membrane ghosts were described in enzyme-treated membranes (Allan et
al., 1975). The droplets may result from lateral difiiision of ceramide within the
membrane into dense masses, and vesiculation may have resulted from subsequent
fusion of membrane areas in enzyme-treated cells..
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Synergistic Effect between Melittin and Sphingomyelinase
As mentioned previously, a synergistic effect was reported between Staph.
alpha toxin and sphingomyelinase (Mollby, 1976), however, synergy between melittin
and sphingomyelinase has not been addressed.
Interaction of Melittin and Biological Membranes/Model Membranes
Melittin has been widely studied for years because of its toxic properties. Hus
peptide has been used frequently to study the interactions of peptides and proteins
with phospholipids. Shipolini (1984) reviewed the biochemistiy of bee venom and
melittin in particular. Dempsey (1990) summarized the controversial proposed
mechanisms of membrane lysis in his recent review.
Despite considerable research over the past two decades to elucidate the
mechanism of membrane lysis induced by melittin, the toxic mechanisms of this peptide
are still poorly understood.

The significance of peptide polymerization, peptide

orientation, channel/ pore formation, electrostatic interaction, protein aggregation, and
amphiphilicity and helicity of the peptide have all been implicated in several proposed
mechanisms of action including the mechanisms summarized by Dempsey (1990).
These proposed mechanisms may be reduced to two possible general
mechanisms (Kaiser and Kezdy, 1987). In the first proposed mechanism, monomeric
melittin forms oligomers resulting in channels or pores spanning the membrane.
Although the size of these channels is not large enough to allow the passage of
macromolecules like hemoglobin, an ionic imbalance is likely to occur followed by
colloid osmotic lysis. This mechanism suggests minimal disruptions to the lipid
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structure of the membrane. A slight disadvantage of this model is the length of
melittin; because the highly charged hexapeptide at the C-terminus is needed for the
initial binding to the membrane, the remaining 20 amino acid residues may not be long
enough to span the entire membrane.
The second proposed mechanism (Kaiser and Kezdy, 1987) suggested that the
direct lysis by melittin is the result of perturbation to the membrane phospholipid
matrix. Osmotic lysis occurs only if the damage is too extensive. This proposed
mechanism, unlike the first one, does not require melittin to form a membrane
spanning channel/pore; in fact, considerable disruption to the lipid structure is due
mostly to melittin assuming a position parallel to the membrane or anchoring itself
slightly into the bilayer. There is agreement from studies of the fluorescence of
tryptophan 19 of melittin in various membrane systems that penetration of the
tryptophan into the membrane is slight (Lauterwein et al., 1979).
It is evident in the in vitro studies that melittin causes rapid, direct cell lysis and
the activation of endogenous or exogenous PLA,. The enzyme, in turn, may expedite
membrane destruction.

Melittin can induce lysis of human red blood cells at

concentrations in the order of 10"* M (Sessa et al., 1969). Using prostaglandin
synthesis, a product of PLA, activation, as a measure of lytic activities of melittin with
various concentrations, Shier (1979) reported the activation of PLA, by this lytic
peptide in mouse fibroblasts at <10'6 M; and a total inhibition of prostaglandin
synthesis at concentrations slightly higher than 3.5 x 10^ M. The difference in
activation of PLA, in these cells was compared to the difference in the appearance of
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these cells. This dose differential effect occurred within a very narrow range of peptide
concentrations. Melittin also tyses artificial membranes (liposomes) of various
phospholipid compositions, and lysis can be measured by the leakage of entrapped
solutes (Sessa et al., 1969; Sessa and Weissmann, 1968). The absence of proteins in
these artificial model membranes indicates that the interaction with membrane proteins
is not required for direct lysis by the peptide. It further substantiates that lysis is
produced by the interaction of the peptide molecules with the phospholipid bilayer.
Therefore, activation of PLA, is not a require**^ for melittin to induce cell lysis, but
a synergistic effect between the peptide and the enzyme certainly enhance the potency
of melittin and/or the activity of PLA,. It is not dear whether synergism with and
activation of PLA, are two different events.
In the in vivo study, an excess of 4 mg/kg dose of melittin administered to mice
by intravenous injection is lethal (Habermann, 1972). This dosage is probably high
enough to lyse a variety of ceils including red blood cells, leukocytes, platelets, mast
cells, muscle and nerve cells. Potent chemicals such as histamine and serotonin are
released, and membrane bound enzymes such as ATPase are deregulated. The
synergistic effect of melittin with endogenous PLA, accelerates the membrane
destruction process. More hydrolytic enzymes released from lysis of lysosomes from
damaged cells will further damage adjacent cells. Although the point of no return is
still not well defined in melittin induced cell death, it is not difficult to recognize that
the extensive membrane damage induced by melittin is likely to result in irreversible
cell damage.
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CHAPTER 2
MATERIALS AND METHODS
Membrane Changes Using Different Technique! of Light Microscopy
Cells: Mouse 3T3 fibroblasts obtained from the American Type Culture Collection
(ATCC number: CCL-163) were grown and maintained in Modified Eagle's Medium
(MEM) supplemented with 5% fetal calf serum (FCS) and antibiotics. Fibroblastic
cells were cultured in either 8-Chamber slides or on coverslips for at least 24 hours
prior to treatment. Each chamber or coverslip contained approximately 1.0 x 104 cells.
Immediately before exposure to peptide or fluorescent probes, the cells were gently
washed with serum-free MEM.
Melittin: Melittin (Sigma Chemicals, USA) was reconstituted to a concentration of 1
mg/ml in 9 parts of phosphate-buffered solution (PBS, 0.1M, pH 7.S) and 1 part of
glass distilled water, and subsequently diluted in serum-free MEM before use. In an
effort to remove phospholipase A from commercially available melittin, the protein
2

was further purified using reverse phase HPLC as previously described (DeGrado et
al., 1982). Both the standard melittin and the more purified melittin were demonstrated
to be equally active in our study. In a preliminary study of the effect of various
concentrations of melittin on 3T3 fibroblasts, it was determined that peptide
concentrations of 4 pM and higher caused a different pattern of cell death than peptide
concentrations ranging from 1 uM to less than 4 pM. Based on this morphological
difference in the pattern of cell death, it was arbitrarily determined that concentrations
of peptide ranging from 1 pM to less than 4 pM were referred to as a low lethal
37
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concentration while concentrations of peptide at 4 pM and greater were referred to as
a high lethal concentration. To better understand this dose differential effect of
melittin on membranes of 3T3 cells, both high and low lethal concentrations were used
in the morphological study. These lethal concentrations o f peptide ranged from lpM
to 10 pM.
Bright Field Light Microscopy
3T3 cells were incubated with either 1 pM or 10 pM concentration of melittin
for at least 30 min and washed thrice with serum-free MEM, and then stained with
0.2% Trypan Blue. Melittin-treated and -untreated cells were examined with a Zeiss
Axiovert 40SM microscope (Carl Zeiss, Inc. Germany). Preliminary observations
demonstrated that the effect of melittin on 3T3 cells was similar at 37 °C and at room
temperature. Therefore, all of the procedures described in this report were performed
at room temperature (25-28 °C) unless otherwise indicated, and were repeated at least
once.
Differential Interference Contrast (DIC) Microscopy
During a 30-min incubation period, cells exposed to either a low lethal
concentration (1.5 pM) or to a high lethal concentration (4 pM) of melittin were
monitored using Nomarski DIC on a Zeiss Axioplan microscope (Carl Zeiss,
Germany). The sequence of events before and during the melittin treatment was
recorded by a Hamamatsu video camera (Hamamatsu Photonics, Japan) linked to a
video cassette recorder.

Selected video images were digitized and a composite

photomicrograph representing sequential events was generated using the Image 1
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program (Imaging Universal Inc., USA). Video prints were produced on a video
printer (Sony Corporation, Japan).
Fluorescence Microscopy
Unlabeled peptides
To indirectly study the effect of melittin on membrane proteins, cells were
treated with 1 pM concentration of wheatgerm agglutinin-fluorescein isothiocyanate
(WGA-FTTC) or WGA-rodamine (Sigma Chemicals, USA) to label membrane
macromolecules containing N-acetylglucosamine and sialic acids,

primarily

glycoproteins. Following a 20-min incubation period, cells were washed thrice with
serum-free MEM to remove any excess WGA-FTTC and then further labeled with
TMA-DPH (Molecular Probes, USA), a lipophilic fluorescent probe useful for cell
membrane lipid dynamic studies, as described by Illinger et al. (1990). Briefly, 2 pM
TMA-DPH in serum-free MEM was added to 3T3 cells already prelabeled with
WGA-FTTC. Unbound TMA-DPH demonstrates a very low fluorescence yield and
was shown not to interfere with the activity of melittin. It was, therefore, not
necessary to remove the TMA-DPH label prior to the addition of peptide. These two
fluorescent labels had no effects on cell viability or on cell morphology of control cells
not exposed to the peptide. In these experiments the fluorescently labeled cells were
exposed to either 2 pM or 4 pM concentration of melittin for 30 min. Without further
washing, labeled 3T3 cells were examined with a Zeiss Axiovert 40SM Incident-light
fluorescence microscope.
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Labded-Peptide
A21 is a synthetic peptide with the amino acid sequence of (KLAKKLA)3
synthesized by Martha Juban at the LSU peptide synthesis laboratory. The synthesis is
described in detail in the section devoted to studies of lytic activities of various
putative lytic peptides. The labeled-peptide, A21-with carboxyfluorescein (A21-CF),
was prepared by Steven Bishop in the Department of Biochemistry at LSU. The
addition of one molecule of carboxyfluorescein to each peptide molecule had no effect
on the lytic activity of A21 against fibroblasts. The fibroblasts were exposed to 100 ul
of serum-free MEM containing 14 pM of A21-CF (a low lethal concentration for this
peptide) for 5 min (the time needed to show membrane vesiculation) and were
replenished with fresh MEM before examination with a Zeiss Axiovert 40SM
Incident-light fluorescence microscope.
Confocal Laser Scanning Fluorescence Microscopy
Confocal laser scanning fluorescence microscopy was used to precisely identify
the position of WGA-FITC label on 3T3 cells. Cells prelabeled with WGA-FITC (as
previously described) were examined before and after a 30-min treatment with mclittin
(2.5pM) with no subsequent washing. Peptide-treated and age matched, non-peptide
treated WGA-FITC labeled cells were optically sectioned along the Z-axis using the
Odyssey XL confocal laser scanning microscope system (NORAN Instruments, Inc.,
USA) attached to a silicon graphics computer (Silicon Graphics, USA). A total of 25
sections (at 0.5pm intervals) were scanned. A selected photomicrograph of each
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Z-series, control and peptide-treated, was produced to illustrate the position of
WGA-FITC label on or within 3T3 cells.
Studies of Membrane Changes Using Scanning Electron Microscopy
Cells: One day old 3T3 fibroblasts were cultured on coverslips in 24-well plates and
washed once with serum-free MEM before treatments.
Peptides: The synthetic peptide, A21, in previous studies proved to be a strong lytic
peptide which induced morphological changes in 3T3 cells comparable with those
induced by melittin. Because of its activity, A21 peptide was chosen for these studies.
A non-lytic peptide, G21, was also included for comparison. A21 was prepared as
described in the following section. G21 is a synthetic peptide with the amino acid
sequence of (KLGKKLG),. The synthesis procedures is described in the next section
along with other synthetic peptides.
Peptide Treatment
One-day old fibroblasts in each well were treated with 100 ul of serum-free
MEM containing A21 (21 uM, a low lethal concentration for A21). At each 1, 5, and
10 min interval, a set of two coverslips containing peptide-treated fibroblasts was
processed for scanning electron microscopy. The scanning electron microscopic
investigations were conducted by W.G. Henk according to the following methods.
Cells on each coverslip were fixed using two milliliters of a mixture of 1.25%
glutaraldehyde and 2% formaldehyde in 0.1M sodium cacodylate buffer at pH 7.2 for
1 hr. Postfixation for 30 min in 1% osmium tetroxide in the same buffer followed.
Next, the cells were dehydrated in a graded ethanol series 50-100% and critical point
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dried from C02. Following diying the coverslips containing the cells were mounted on
stubs using a conductive adhesive and coated with approximately 20nm of
gold-palladium and viewed in a Cambridge S-1S0 scanning electron microscope.
Scanning electron micrographs were recorded on Polaroid P/N 55 films. The same
procedures were applied to control cells (no peptides).
Water Treatment
The fibroblasts were treated as above except that they were treated with a total
of 300 ul of sterile glass distilled water and no peptides. The cells were fixed for
scanning electron microscopic investigations as described above. The scanning
electron microscopic investigations were conducted by W.G. Henk. This experiment
was designed to purposefully induce osmotic lysis of fibroblasts, so that the
morphological alterations which occurred in these cells could be compared to those in
cells treated with lytic peptides.
Determination of Lvtic Activities of Peptides and Host Snscepfibaities
Lytic Activities of Native and Synthetic Peptides Against 3T3 Fibroblasts
Cells: Mouse 3T3 fibroblasts were prepared as previously described with the
exception that the cells were cultured in 96-well plates for at least 24 hours before use.
Each well contained approximately 1 x 104cells.
Peptides: Purified melittin was prepared as previously described. Synthetic peptides
were prepared by Martha Juban in the peptide synthesis laboratory at LSU. Briefly,
peptides were synthesized by the solid-phase method using a MilliGen 9050 Pep
Synthesizer.

Amino acids purchased from MilliGen were 9-fluorenylmethyioxy-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

43
carbonyl (Fmoc) protected at the alpha-amino function and activated as
pentafluorophenyl (Opfp) esters at the carboxyl function. Coupling was performed by
an extended cycle 1-hydroxybenzotriazole (HOBT) protocol. Polystyrene resin with a
PAL linker was purchased from MilliGen. Cleavage and deprotection of the peptide
were accomplished by treatment with a trifluoroacetic acid based reagent (88% TFA,
5% water, 5% phenol, 2% triisopropylsilane) for 2-4 hours, and the peptide was then
extracted in cold 20% acetic acid and diethyl ether and lyophilized.
Peptides were purified by reverse phase preparative HPLC on a Waters
lS-micron Deltapak radial compression C4 column using a mobile phase of acetonitrile
(0.05% v/v TFA) and water (0.05% v/v TFA) running a gradient of 10-50% of the
organic phase over one hour. Purity was checked on an analytical Vydac 5-micron
C l8 column running a similar mobile phase gradient method and monitoring at 220
nm. The molecular weight of each purified peptide was verified by plasma desorption
mass spectrometry. Peptides were stored as lyophilized powders at -20 °C. Peptide
concentration calculations are based on quantitative amino acid analysis. Lyophilized
peptides were reconstituted in 1 part of glass distilled water and 9 parts of PBS, and
subsequently diluted to desired concentrations with serum-free MEM.
The native lytic peptides, cecropin and magainin, and a variety of synthetic
analogs of these peptides were synthesized by Martha Juban for this and other studies.
Truncated synthesis and various amino acid substitutions in these peptide analogs were
employed to determine the effects of peptide length, charge distribution, and helicity
on peptide activity related to lysis of 3T3 fibroblasts. Multimers of heptads (7 amino
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acids as a building block) with 7, 14, 21, and 28 residues composed of lysine and
leucine with alanine or glycine were synthesized as described above. The A-series is
composed of lysine and leucine with alanine, i.e. (KLAKKLA)n where n= 1, 2, 3, and
4, and includes A7, A14, A21, and A28. The G-series is composed of lysine and
leucine with glycine, i.e. (KLGKKLG)n where n=l, 2,3, and 4, and includes G7, G14,
G21, and G28. The T-series is composed of lysine and leucine with alanine, i.e.
(KLAKLAK), where n=l, 2, 3, and 4, and includes T7, T14, T21, and T28. The
T-series is almost identical to the A-series except that the fifth amino acid lysine has
been taken out and placed at the end of the heptad.
The amino acid sequence of various peptides used in these studies are listed
below:
Melittin

GIGAVLKVLTTGLPALISWKRKRQQ

Hecate

FALALKALKKALKKLKKALKKAL

Cecropin

KWKVFKKIEKMGRNIRNGIVKAGPAIAVLGEAKAL

S35

RWRLFRRIDRVGKQIKQGILRAGPAIALVGDAR

Magainin

GIGKFLHSAKKFGKAFVGEIMNS

A7

KLAKKLA

A14

KLAKKLAKLAKKLA

A21

KLAKKLAKLAKKLAKLAKKLA

A28

KLAKKLAKLAKKLAKLAKKLAKLAKKLA

G7

KLQKKLG

G14

KLGKKLG
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G21

KLGKKLG

G28

KLGKKLG

T7

KLAKLAK

T14

KLAKLAKKLAKLAK

T21

KLAKLAKKLAKLAKKLAKLAK

T28

KLAKLAKKLAKLAKKLAKLAKKLAKLAK

The underlined amino acids designated the differences between the A-, G-, and
T-series of peptide analogs.
Trypan Blue dye exclusion assays
Trypan Blue dye exclusion is used routinely for determining changes in
membrane permeability and as an indication of cell viability. The potency of each
peptide (its ability to kill 3T3 cells based on cells stained with Trypan Blue dye) was
determined by treating 3T3 cells with two-fold serial dilutions of each peptide.

To

make this determination, a stock peptide solution (50 ul) of 2.5 mg/ml was serially
diluted with an equal volume of serum-free MEM (each peptide concentration was
calculated in terms of pM). Each dilution was applied to a 1-day old monolayer of
3T3 cells in which the old media had been replaced with fresh serum-free MEM (50
ul). Peptide-treated and control (no peptide dilution) cells were incubated at 37 °C for
30 min. The peptide mixtures were removed and replaced with fresh MEM
supplemented with 5% FCS (100 ul) and the cells were further incubated for another
15 min before the Trypan Blue dye exclusion assay.

The supernatant was

subsequently removed and the cells were gently treated with 0.2% Trypan Blue stain
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and viewed in a Zeiss Axiovert 405M light microscope. Inclusion of Trypan Blue dye
within the cell is indicative of cell death. A sublethal dose (Sd) in terms of pM, defined
as the highest peptide concentration in a 2-fold serial peptide dilution scheme that does
not kill 100% of the cell population as indicated by the exclusion of Trypan Blue dye
in the viable cells, was calculated for each peptide. It is not suitable to use the LD50
in determining the potency of each peptide in this study, because several peptides
demonstrated total killing in one concentration while they killed only a few fibroblasts
in the subsequent concentration.
Host Cell Susceptibility to Killing by Peptides with Exogenous Phospholipases
Cells: Mouse 3T3 fibroblasts were prepared in 96-well plates as previously described.
Peptides: Purified melittin and synthetic peptides were provided as previously
described.
Trypan Blue dye exclusion assays
A stock peptide solution (SO ul) of 2.S mg/ml of each peptide was two-fold
serially diluted with an equal volume of serum-free MEM. Each dilution was applied
to a 1-day old monolayer of 3T3 cells in which the old media were replaced with fresh
serum-free MEM (50 ul). Each peptide dilution was assayed in the presence of an
exogenous phospholipase A, purified from bee venom (1U, Sigma Chemicals; 1U will
hydrolyze 1.0 umole of phosphatidylcholine to lysophosphatidylcholine and a fatty acid
per min at pH 8.9 at 25 °C) or sphingomyelinase isolated from B. cereus (1U, Sigma
Chemicals; 1U will hydrolyze 1.0 umole of TNPAL-sphingomyelin per min at pH 7.4
at 37 °C). Briefly, the lyophilized phospholipase Aj was reconstituted in sterile
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distilled water (1 mg per milliliter) and 1U was added to each peptide dilution and an
appropriate control (cells with the enzyme only). The efficacy of each peptide in killing
the 3T3 cells with additional phospholipase A, was assayed in parallel with cells
treated with peptides only. Peptide-treated and control (no peptide dilution) cells with
and without additional phospholipase Aj were incubated at 37 °C for 30 min. The
peptide mixtures were removed and replaced with fresh MEM supplemented with 5%
FCS (100 ul) and the cells were further incubated for another 15 min at 37 °C before
the Trypan Blue dye exclusion assay. The supernatant was subsequently removed and
the cells were gently treated with 0.2% Trypan Blue stain and viewed in a Zeiss
Axiovert 405M light microscope. A sublethal dose was calculated for each peptide.
The experiment was repeated with 1U of sphingomyelinase reconstituted in PBS.
The same procedures were used to determine the significance of each reactant,
the peptide and phospholipase A,, in producing the synergistic effect on 3T3
fibroblasts. A non-lethal concentration of labeled peptide (2 pM) was used with a
non-lethal concentration of phospholipase \

(1U).

The fibroblasts were either

pretreated with the enyzme or the peptide for 30 min followed by three washings with
serum-free MEM before exposure to a second treatment with the labeled peptide (2
pM) or the enzyme (1U) for another 30 min at 37 °C. These cells without subsequent
washings were examined with a Zeiss Axiovert 405M incident light fluorescence
microscope.
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Study ffft-Ctil Tait.Piffgffltftf Effiftf
Interaction of Peptides with Different C d Types
Cells: Mouse 3T3 fibroblasts were maintained and prepared as previously described.
Human and bovine erythrocytes: Packed red blood cells (RBCs) were obtained by
centrifuging whole blood collected in EDTA containing vacutainers. After three
washings with PBS (0.1 M), the RBCs were resuspended in serum-free MEM and
diluted to yield 1 x 10sRBC per 50 ul of serum-free MEM before use.
Peptides: Purified melittin and T14 were prepared as previously described. This study
was designed to study the susceptibility of different cell types to two peptides with
differing lytic activities; one is very lytic and the other is weakly lytic. Melittin is a
very lytic peptide and T14 was selected because it is similar to G21 which is a weak
lytic peptide against 3T3 cells.
Hemolysis Assay
Each peptide (50 ul of 2.5 mg/ml) was serially diluted (two-fold) in equal
volume of serum-free MEM. The diluted peptide solutions were added to a 96-well
plate containing either human or bovine erythrocytes (50 ul of 1 x 10s RBCs per well)
and incubated at 37 °C for 30 min. The sublethal dose (pM) was calculated for each
peptide.
Trypan Blue dye exclusion assays
Assays were performed in peptide-untreated and -treated 3T3 fibroblasts
following the previously described procedures.
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Modification with Exogenous Phospholipases
Cells: Mouse 3T3 fibroblasts were maintained and prepared as previously described.
Human and bovine erythrocytes were prepared as previously described.
Peptides: Purified melittin and T14 were prepared as previously described.
Trypan Bine Dye Exclusion Assay
The previously described staining procedures were used to examine
peptide-untreated and -treated 3T3 fibroblasts with or without treatment of exogenous
phospholipases.
Hemolysis Assays
Peptides (SO ul of 2.5 mg/ml) were serially diluted (two-fold) in equal volume
of serum-free MEM. The diluted peptide solutions were added to a 96-well plate
containing either human or bovine erythrocytes (SO ul of 1 x 10s RBC per well) with
either 1U of phospholipase A, or 0.2 U of sphingomyelinase, and incubated at 37°C for
30 min. A higher concentration (>0.2U) of sphingomyelinase was shown to cause
spontaneous hemolysis, therefore, a lower enzyme concentration was used. The
sublethal dose was calculated for each peptide. The controls include erythrocytes with
the enzymes only.
Membrane Models: Interaction of peptides with liposomes
Peptides: Purified melittin, A21, and G21 were prepared as previously described.
Liposomes: Egg phosphatidylcholine and sphingomyelin were purchased from Sigma
Chemicals and Avanti Polar Lipids (USA), respectively. Neutral surface charged
liposomes of two different compositions were prepared from egg PC and SPM in a
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molar ratio of 9:1 (PC:SPM) and 3:7 (PC.SPM). The phospholipids were dried inside
a round-bottom flask attached to a rotary evaporator for 30 min before rehydration.
Liposomes were constructed by adding calcein (2.S mM) in a phosphate buffer to the
dried film of phospholipids with gentle swirling using a few glass beads. The lipid
dispersion was allowed to stand at room temperature for 1-2 hours before extrusion.
The multilamellar liposomes were extruded through a lOOnm filter to produce
unilamellar liposomes entrapped with calcein (Olson et al., 1979). The free dye and
dye-entrapped liposomes were separated by gel filtration (Sephadex SO).

The

calcein-entrapped liposome fraction was collected with 10 mM NaCl elution. Each
composition has a final phospholipid concentration of 1 mg/ml. Leakage experiments
were performed immediately after the separation.
Multilamellar liposomes were used in morphological studies without further
extrusion. These liposomes were dialyzed against a phosphate buffer (25 mM) at 4 °C
to remove excess entrapping reagent, calcein. After dialysis, a final phospholipid
concentration of 2.5 mg/ml was used as the stock solution in the
morphological/structural study, and subsequent dilutions were made with PBS (0.1M)
before use.
Light Microscopy
The stock solution of each multilamellar liposome composition was diluted 1:4
with PBS (0.1 M) and each diluted liposome preparation (30 ul) was assayed with
three different peptides, melittin, A21, and G21 followed by examination with a Zeiss
Axiovert 405M microscope. This study determined the morphological consequences
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of exposing liposomes to 8 pM melittin, 24 pM A21, or 24 pM G21. The two
synthetic peptides A21 and G21 were selected for they had demonstrated considerable
differences in their lytic activities against 3T3 cells despite their having identical length,
total charge, and charge distribution.
Leakage Study
This spectrofluorometric study (Allen and Gdand, 1980) determined the
leakage of calcein entrapped within the unilamellar (extruded) liposomes of two
different phospholipid compositions mediated by two strong lytic peptides, one of
which is naturally occurring and the other a synthetic peptide analog; melittin and
A21, respectively, and another peptide analog, G21, which was not very lytic against
3T3 cells. Different molar ratios of lipid to peptide were used for each peptide in each
liposome preparation. Briefly, 4.1 ul of each liposome preparation was added to 1 ml
of PBS and the fluorescence intensity was recorded. Then appropriate amounts of
peptides were added to the liposomes to achieve the desired lipid to peptide molar
ratios. The leakage was determined by a photon counting spectrofluorometer (SLM
8000C) with excitation wavelength at 470 nm and emission wavelength at S20 nm.
The percent recovery of fluorescence was calculated using the formula: I,- I0/ ^ - 10 x
100%, where 1= the intensity of fluorescence in the solution containing
peptide-untreated liposomes; I, ■ the intensity of fluorescence in the solution
containing peptide-treated liposomes; and ^ * the intensity of fluorescence in the
solution containing liposomes treated with 0.1% Triton X-100 (total leakage).
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CHAPTER 3
RESULTS AND DISCUSSION
Studies of Membrane Changes Using Different Technique! of Light Microscopy
Results
Trypan Blue Stain
The 3T3 cells treated with either 1 pM or 10 pM melittin demonstrated
increased permeability as indicated by the presence of intracellular Trypan Blue stain
(Fig. lb and lc),which was absent in control cells without melittin (Fig. la). The
cytoplasm of cells treated with the high lethal concentration of melittin (lOpM)
consistently stained a darker blue than those treated with the low lethal concentration
of peptide (lpM). Furthermore, many of the cells treated with 1 pM melittin had
rounded dupes and were detached from the glass; in contrast, at a higher melittin
concentration virtually all cells remained attached to the glass chamber or coverslip
and underwent no change in shape.

This dose differential effect was observed

repeatedly.
Differential Interference Contrast (DIQ Microscopy
The morphological alterations mediated by melittin at the cell surface are more
clearly evident using DIC microscopy. The first striking morphological change
different from the control cells (Fig. 2a) occurred in less than 5 min after exposure to a
low lethal concentration of melittin (l.S pM). Very small oval to round membrane
opacities were noted on the cell surface (Fig. 2b). Such opacities appeared to precede
the formation of membrane vesicles (Fig. 2c). Small vesicles frequently fused to form
52
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Figure 1.

Bright field light microscopy of 3T3 fibroblasts stained with Trypan
Blue dye after exposure to melittin treatments, a. Control 3T3 cells
without melittin treatment show no inclusion of Trypan Blue dye. b.
3T3 cells after treatment with lpM melittin. Only a few Trypan Blue
stained cells remain attached to the substratum, c. 3T3 cells exposed to
10 pM melittin. All cells were stained with Trypan Blue and very few
detached cells were noted. The cytoplasm of these cells is more darkly
stained than the cells in b. - Bar (a-c) 10 pm.
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controI

Figure 2.

DIC microscopy of 3T3 fibroblasts before and during a treatment with
a low dose of melittin (1.5 pM). The computer-digitized images of
fibroblasts (a, b, c and d) demonstrate the cells' real time lapse motion
before and during the course of peptide treatment, a. 3T3 cells before
exposure to melittin. Arrowheads point to normal cell surfaces. - Bar
(a) 10 pm. b. 3T3 cells treated with melittin for less than 5 min.
Arrowheads mark transient opacities on the cell surface, c. 3T3 cells
exposed to melittin for 5 min. Arrowheads point to individual
membrane vesicles, d. 3T3 cells treated with melittin for 10 min.
Arrowhead marks the fusion product of two membrane vesicles
previously shown in c. The nucleus appears to be more prominent and
the cytoplasm is more granular. - Bar (b, c, and d) 10 pm.
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large ones (Fig. 2d) and often detached from the parent cell. Fusion of membranes of
adjacent cells was not noted. During treatment with a high lethal concentration of
melittin (4 pM), membrane vesiculation seen with the low concentration of peptide
was not as apparent (Fig. 3a-d). Instead, other changes were noted in these cells, for
example, the nuclei became more prominent, the cytoplasm became increasingly
granular (Fig. 3b), and the margins of the cells were difficult to visualize after 15 min
incubation with melittin (Fig. 3d). No obvious cell swelling was observed in cells
treated with either peptide concentration.
Fluorescence Microscopy
The fibroblasts were double-labeled with WGA-FITC and TMA-DPH before
melittin treatments in an attempt to discern the effect of peptides on membrane
proteins and lipids. Different excitation (TMA-DPH, 360 nm; WGA-FITC, 494 nm)
and emission (TMA-DPH, 435 nm; WGA-FITC, 520 nm) wavelengths of each
fluorescent probe allow localization of two distinct membrane components in the same
cell, and thus facilitates rapid comparisons as events progress. The control cells (no
melittin) showed a relatively uniform distribution of IM A label (Fig. 4a) and WGA
label (Fig. 4b) at the cell surface. After exposure to a low lethal concentration of
melittin (2 pM), the cells demonstrated the presence of numerous TMA-DPH positive
membrane vesicles (Fig. 4c) similar to those observed in the DIC study. Little to no
WGA-FITC label was present within or on these vesicles (Fig. 4d). The WGA
fluorescent label was no longer restricted to the plasma membrane, and was localized
throughout the cell cytoplasm. Further, the uniform intensity of the label at the cell
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Figure 3.

DIC microscopy of 3T3 fibroblasts before and during a treatment with
a high dose of melittin (4 pM). The computer-digitized images of
fibroblasts (a, b, c, and d) depict a real time lapse motion of the same
cells before and during the course of peptide treatment, a. 3T3 cells
before exposure to melittin. Arrowheads point to normal cell surfaces,
b. Same 3T3 cells after exposure to melittin for 5 min. There is no
noticeable vesiculation on the surface of these cells, c. Same cells
treated with melittin for 10 min. Arrowheads point to two vesicles
detected in different focal planes, d. Same cells exposed to melittin for
15 min. Arrowheads mark areas where plasma membranes are difficult
to visualize. Prominent nuclei and granular cytoplasm are also noted in
peptide-treated cells. - Bar (a-d) 10 pm.
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Figure 4.

Fluorescence microscopy of melittin-treated (low lethal dose) 3T3
fibroblasts using two fluorescent probes, TMA-DPH and WGA-FITC.
a. TMA-DPH fluorescence pattern of peptide untreated control 3T3
cells. - Bar (a) 10 pm. Arrowheads point to cell surfaces with no
visible membrane vesicles, b. WGA-FITC fluorescence pattern of
untreated control 3T3 cells. A uniform distribution of fluorescence is
shown at the surface of 3T3 cells, c. TMA-DPH fluorescence pattern
of 3T3 cells exposed to a low dose of melittin (2 pM) for 10 min.
Arrowheads point to individual membrane vesicles. Fluorescence is also
noted inside the cells, d. WGA-FITC fluorescence pattern of the same
3T3 cells as shown in c. Arrowheads mark the areas where the vesicles
were identified in c. and where the WGA-FITC fluorescent probe is
missing. After exposure to melittin, the uniformly distributed
fluorescence pattern shown in control cells is replaced by a different
pattern with more intense patches of fluorescence on and within the
affected cells. • Bar (b-d) 10 pm.
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surface prior to peptide exposure was altered. Intensely fluorescent patches of label
were observed both on and within peptide treated cells (Fig. 4d).
As observed in the DIC study, the high lethal concentration of melittin (10
pM) failed to elicit the formation of membrane vesicles (Fig. Sa-b). Regardless of
whether cells were exposed to high or low lethal concentrations, the TMA-DPH label
quickly moved into the cytoplasmic regions of the treated cells (Figs. 4c and Sb).
A low lethal concentration of melittin and the TMA-DPH label were used to
study the formation of vesicles and their fate over a 30-min time course (Fig. 6a-c).
The sequence of events was similar to what was observed in the DIC study. Small
membrane vesicles developed within 5 min of exposure to melittin (Fig. 6a). Many of
the vesicles gradually fused into large vesicles (Fig. 6b) which subsequently detached
from the cells in less than 30 min (Fig. 6c). Membrane fusion between adjacent cells
was not observed.
Confocal Laser Scanning Fluorescence Microscopy
Confocal microscopy was used to verify the apparent translocation of
WGA-FITC label from the cell surface to the cell interior after exposure to peptide. In
control cells (no melittin), ihe Z-series images indicated that WGA-FITC label was
mostly confined to the cell surface. A representative of this Z-series is shown in Fig.
7a.

Unlike the control, the Z-series images of cells exposed to a low lethal

concentration of peptide (2.S pM) demonstrated that the label was present throughout
all cytoplasmic planes. A selected image is shown in Fig. 7b.
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Figures.

Fluorescence microscopy of melittin-treated (high lethal dose) 3T3
fibroblasts using two fluorescent probes WGA-FITC and TMA-DPH.
a. WGA-FITC fluorescence pattern of 3T3 cells treated with a high
dose of melittin (4 pM) for 10 min. b. TMA-DPH fluorescence pattern
of the same 3T3 cells as shown in a. Membrane vesicles are not noted
in these peptide-treated cells. - Bar (a-b) 10 pm.
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Figure (.

Fluorescence microscopy of 3T3 fibroblasts using the fluorescent probe
TMA-DPH to demonstrate the sequence of events that are associated
with melittin-induced (2 pM ) membrane vesicle formation, a. 3T3
cells exposed to melittin for 2-4 min. Arrowheads mark small
membrane vesicles, b. 3T3 cells after 5 min peptide exposure.
Arrowhead points to a large membrane vesicle possibly resulting from
fusion of small vesicles as demonstrated in Fig. 2d. c. 3T3 cells treated
with melittin for IS min. Arrowheads show large membrane vesicles
separating from the parent cells. The TMA-DPH label appears in the
internal region of all cells shown in a, b, and c. - Bar (a-c) 10 pm.
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Figure 7.

Confocal laser scanning fluorescence microscopy of melittin-treated
3T3 fibroblasts using the fluorescent probe WGA-FITC.
a.
Fluorescence pattern o f a selected image o f the untreated control 3T3
cell. The fluorescence is primarily located in the plasma membrane area
(arrowhead) o f this cell image produced by a Z-series scan. All o f the
images showed the same fluorescence pattern, b. Fluorescence pattern
o f a selected image o f the cell after a 30-min exposure to 2.5 pM
melittin. This plane reveals the presence of intense fluorescence inside
the cell. The fluorescence pattern is the same for all images. - Bar (a-b)
10 pm.
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Discussion
A variety of light microscopic techniques were used to demonstrate the effects
of lytic peptides on cell membranes. The Trypan Blue dye exclusion assay
demonstrated increased permeability in peptide-treated cells. DIC microscopy
demonstrated the sequence of morphological events associated with the host cell
responses to melittin treatment. Dual fluorescent labels, TMA-DPH and WGA-FITC,
allowed differentiation of the immediate effects of melittin on membrane lipids and
proteins (WGA-FITC label binds to the carbohydrate moiety of surface glycoproteins),
respectively. The intensified fluorescence of the lipid label in the membrane suggests
that the order of the lipid matrix was rapidly altered and surface proteins were
generally excluded from the forming vesicles. Use of confocal microscopy verified a
shift in location of the WGA-FITC labeled glycoproteins before and after the exposure
to melittin. These observations are in agreement with the notion that lytic peptides
induce rapid and dramatic changes in the lipid bilayer of these cells.
After exposure of 3T3 cells to lower lethal concentrations of melittin, it was
obvious that smaller membrane vesicles frequently fused to form large vesicles; but
that fusion between the membranes of adjacent cells was not noted. Trypan Blue dye
exclusion assays demonstrate that both low and high lethal concentrations of melittin
used in this study killed 3T3 cells. However, low concentrations of melittin resulted in
considerable membrane vesiculation as observed in both DIC and lipid fluorescence
studies.

High concentrations of melittin resulted in only slight vesicle formation.

These observations may explain why many 3T3 cells killed by the low concentration of
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the peptide were detached from the culture surface. Shier (1979) reported a similar
differential dose effect in 3T3 cells treated with melittin which was also associated
with activation of endogenous phospholipase Aj (PLAj). It is possible that at the
lower concentrations, cell injury proceeds at a slower rate and endogenous PLA, is
activated such that both the peptide and the enzyme alter cell adhesion. At the high
concentrations, the cells are instantaneously killed and adhesion proteins may remain
attached to the cell's cytoskeleton.
There can be little doubt that the loss of lipids from the bilayer in
peptide-treated cells is considerable, and that this mobilization of the lipid matrix is
paralleled by profound alterations in membrane permeability. It is also very likely that
the combination of membrane lipid loss and increased permeability of remaining
membrane represents a point of no return in the death of these cells. The inability the
peptide-treated cells to exclude either Trypan Blue dye or TMA-DPH represented
evidence of increased permeability in these cells. A possible mechanism for altering
membrane permeability is suggested by several studies. First, amphipathic melittin can
strongly influence the order and dynamics of membrane lipid acyl chains by inserting
its hydrophobic region into the bilayer leaving the hydrophilic region to lie on the
membrane surface (Bradrick and Georghiou, 1987).

Other studies indicate that

melittin may aggregate into a tetramer upon membrane binding, even at low peptide
concentrations; and undergoes a conformational change from a random coil to an
alpha-helix (Lauterwein et al., 1980; Brown et al., 1981). The presence of these
helical peptides in turn could induce drastic changes in the hydrophobic region of the
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lipid bilayer (Dawson et al., 1978). These changes have the potential to induce a
large-scale structural reorganization of lipids. It has been shown, depending on the
peptide/lipid ratios, that membrane-bound melittin can segregate the lipid bilayer into
peptide-rich and peptide-poor domains which may result in local phase separations due
to different melting temperatures (Bradrick et al., 1989). Therefore, the membrane is
likely to become more permeable because of phase separations (Kotyk et al., 1988).
The lipid matrix in close association with bound peptide (the peptide-rich domains)
demonstrates reduced mobility which can affect the lateral packing density, thereby
influencing the curvature of the bilayer. A curvature modulatory effect of melittin
(Batenburg and DeKruijff, 1988) has been verified by X-ray diffraction studies
(Colotto et al., 1991). Formation of membrane vesicles derived from defects in the
curvature of the bilayer is therefore possible.
Massive disorder or complete loss of the lipid bilayer is also suggested by the
observed translocation of FITC-labeled macromolecules (primarily glycoproteins)
from the exterior to the interior of treated cells. This movement was often coupled
with an increased aggregation of labeled material, probably resulting from protein
aggregation in the cell membrane and cytoplasm. It has been shown that melittin
induces aggregation of band 3 glycoproteins in erythrocyte ghosts (Hui et al., 1990),
and Watala and Gwozdzinski (1992) have also demonstrated that melittin can
immobilize and aggregate membrane proteins. The presence of WGA fluorescent label
within the cytoplasm as shown by confocal microscopy indicates that some aggregated
membrane glycoproteins may be dislodged from the lipid bilayer and move to the
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cytosol during vesiculation.

Others may remain immobilized in the plane of the

membrane. The translocation of macromolecules suggests that very large segments of
the barrier membrane have been removed.
Our observations led us to postulate a sequence of events mediated by melittin
that are associated with cell death. First, melittin binds to the plasma membrane where
the peptides disorganize lipids as well as membrane proteins. Next, cell-surface
glycoproteins may be separated from the lipid bilayer while the peptide-bound
phospholipids undergo phase separations. Finally, a series of membrane changes
ensues including an increased membrane permeability and a release of membrane
phospholipids.

At a low lethal peptide concentration, the release of membrane

phospholipids may be in the form of vesicles; but at a high lethal dose, the peptides
could rapidly dismantle the membrane lipids into pieces. In either case, it is unlikely
that repair of the plasma membrane can compensate for the swift destruction caused
by melittin. The process of cell destruction can be further augmented by aggregation
and immobilization of membrane proteins that result in irreversible alterations of their
vital membrane associated functions.
The results of a study using a fluorescently labeled synthetic peptide of similar
lytic activity to that of melittin in 3T3 cells are discussed below.
Cellular Response to Labeled Lvtic Peptide. A21-CF
Results
The use of carboxyfluorescein to fluorescently tag the A21 peptide was
demonstrated in preliminary studies not to influence the lytic activity of this peptide

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

70
against 3T3 fibroblasts. Fibroblasts were observed for approximately 15 min after
exposure to A21-CF (14 uM). Within 10 min, fluorescently labeled peptides were
present on the surface of and within membrane vesicles. Subsequently, the intensity of
vesicle label decreased rapidly in the next 5 min (Fig. 8a-b). Membrane vesicles were
clearly demonstrated with the TMA-DPH fluorescent probe (Fig. 9). Both the
cytoplasmic and nuclear regions of these peptide-treated cells became intensely labeled
with A21-CF (Fig. 8a-b). During this incubation period, the vesicles increased in size
but less fluorescence was detected within them. Further, little to no fluorescence was
demonstrated in the detached vesicle. However, the interior of the cells with
membrane vesicles remained brightly stained (Fig. 8b).
In an attempt to dearly discern the location of labeled peptide in affected cells,
3T3 cells were treated simultaneously with three fluorescent probes, A21-CF,
WGA-rhodamine, and TMA-DPH. All three probes were present in the cytoplasmic or
nuclear regions of treated cells, while little to no peptide or WGA fluorescent label
was associated with the TMA stained, detached vesicles (Fig. 10).
Discussion
Synthetic peptide analog A21 was successfully labeled with carboxyfluorescein
and the labeled peptide retained its lytic activity, hi a recent report by Gazit et al.
(1994) rhodamine labeled cecropin B2 failed to bind to human erythrocytes but
intensely labeled E. coli. It was also demonstrated that human erythrocytes were
insensitive to the same cecropin peptide. In this study, unlabeled A21 was lytic at 14
uM concentration against 3T3 fibroblasts and labeled A21 at the same concentration
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Figure 8.

Fluorescence microscopy of 3T3 cells treated with carboxyfluorescein
labeled A21 (A21-CF, 14 pM, 10 min incubation period), a. 3T3 cells
with A21-CF for 5 min. The peptide-treated fibroblasts show
membrane vesicles (arrowheads) positively labeled with the fluorescent
probe, b. 3T3 cells with A21-CF for 10 min. Arrowheads point at
vesicles with decreasing fluorescence. - Bar (a-b) 10 pm.
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Figure 9.

Fluorescence microscopy of 3T3 cells treated with A21-CF (14 pM)
and TMA-DPH. Fluorescence pattern of TMA-DPH in the same 3T3
ceils as shown in Fig. 8b. Arrowheads point to membrane vesicles
corresponding to those shown in Fig 8b. Arrow points to a detached
vesicle which lacks WGA-FITC fluorescent label as demonstrated in
Fig. 8b. - Bar 10 pm.
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Figure 10.

Fluorescence microscopy of 3T3 cells treated with a series of three
different fluorescent labels, A21-CF, WGA-rhodamine, and
TMA-DPH. a. Fluorescence pattern of A21-CF (14 pM). Arrowhead
points to a triple-labeled fibroblast with the fluorescently
labeled-peptide in the cytoplasm and the nucleus, b. Fluorescence
pattern of TMA-DPH in the same 3T3 cells. Arrowhead points to a
detached membrane vesicle positively labeled with TMA-DPH. c.
Fluorescence pattern of WGA-rhodamine in the same 3T3 cells. The
WGA fluorescent label is not detected in the area (arrowhead) where
the membrane vesicle was previously shown in b. The fluorescence of
WGA-rhodamine label is shown inside the triple-labeled fibroblasts.
-Bar (a-c) 10 pm.
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showed similar lytic ability with very intense fluorescence within the affected
fibroblasts. Like the unlabeled peptide, A21-CF retained its ability to induce the
formation of membrane vesicles. Release of membrane fragments has been attributed
to the binding of peptides to the lipid bilayer (Katsu et al., 1989). In contrast to
Katsu's observation, the labeled peptide used in this study was not demonstrated on or
within the membrane vesicles as they continued to enlarge and detach from the
affected cells.
A change in the appearance of red blood cells has been attributed to an
accumulation of melittin on the outer leaflet of the lipid bilayer effecting a release of
membrane fragments and compromising the permeability concurrently (Katsu et al.,
1989). These membrane fragments allegedly can assume different forms, such as mixed
micelles with peptides, lamellar lipid structure surrounded by peptides, vesicles, or
nonspecific clusters. In contrast, this study demonstrated a lack of lytic peptide in the
later stages of vesicle formation. Three possible explanations are considered: these
membrane lipids no longer have the binding sites for the labeled peptides as the
membrane undergoes disorganization; the peptide/lipid binding is very weak and the
peptides disassociate from the lipid of the vesicles; and the detached lipids simply were
no longer target lipids for the peptides. The second explanation is in disagreement
with the suggestion by Sessa et al. (1969) that melittin formed an irreversible complex
with the lipids. Others have suggested that melittin and lipids interact via weak
hydrophobic forces (Faucon et al., 1979) which would allow the peptides to rapidly
disassociate from the lipid.
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Although membrane vesicles were not intensely labeled by A21-CF, other parts
of the affected cells, the cytoplasm and the nucleus, were strongly labeled. This
intracellular uptake of fluorescently labeled peptides may be similar to the inclusion of
Trypan Blue dye in peptide treated cells and may be due to simple diflusion of the
peptide across through a severely compromised membrane. The rapidity with which
A21-CF stained the nucleus of treated cells suggests an instantaneous change in
permeability, which dearly occurred before the vesicle formation was complete. It is
yet unclear as to whether the change in cell permeability coindded with the initiation
of membrane vesiculation.
Studies of Membrane Changes Using Scanning Electron Microscopy
Results
After 1 min exposure to the synthetic peptide analog A21 (21 uM), 3T3 cells
(Fig. 13) showed extensive surface changes with round protrusions which were not
present in control cells not exposed to the peptide (Fig. 11) or in control cells treated
with a weak-lytic peptide, G21 (Fig. 12). Within S minutes, the membrane of A-21
treated cells became very porous (Fig. 14 ); and by 10 min, severe membrane
disintegration was evident in the affected cells (Fig. 15a). The integrity of the cell
surface was so affected that intracellular components were visible and the plasma
membrane was no longer identifiable (Fig. 15b). At no time point were there obvious
changes in the size of peptide-treated cells.

Osmotically induced cell lysis

accompanied by cell swelling has been presumed to be a final event in cells destroyed
by lytic peptides. These terminal osmotic events were thought to be the result of
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Figure t l .

Scanning electron microscopy of 3T3 cells after 10 min incubation with
no peptide treatment. Arrow points to the normal cell surface. - Bar 5
pm. Scanning photomicrograph was provided by W.G. Henk.
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Figure 12.

Scanning electron microscopy of 3T3 cells after 10 min incubation with
a non-lethal dosage (21 pM) of a synthetic peptide, G21. The
peptide-treated fibroblast demonstrates a cell surface (arrow) with
morphology similar to the control fibroblast. - Bar 5 pm. Scanning
photomicrograph was provided by W.G. Henk.
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Figure 13.

Scanning electron microscopy of 3T3 cells after 1 min incubation with
a lethal dosage of a synthetic peptide, A21 (21 pM). a. Low
magnification. The peptide-treated fibroblast shows many round
protrusions (arrows) on the cell surface that were lacking in Fig. 11 and
Fig. 12. - Bar 10 pm. b. High magnification of the same cell as shown
in a. Arrows point to the round protrusions on the surface of the
peptide-treated cell as shown in a. - Bar S pm. Scanning
photomicrographs were provided by W.G. Henk.
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Figure 14.

Scanning electron microscopy of 3T3 cells after 5 min incubation with
a lethal dosage of A21 (21 pM). a. Low magnification. The peptidetreated fibroblast shows a porous cell surface. -Bar 20 pm. b. High
magnification of the same cell as shown in a. The porous cell surface
no longer shows an intact plasma membrane. - Bar 5 pm. Scanning
photomicrographs were provided by W.G. Henk.
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Figure IS.

Scanning electron microscopy of 3T3 cells after 10 min incubation with
a lethal dosage of A21 (21 pM). a. Low magnification. The peptidetreated fibroblast shows a severely damaged cell surface without an
identifiable plasma membrane. - Bar S pm. b. High magnification of the
same cell as shown in a. The cell surface is severely lacerated exposing
the intracellular components. - Bar 5 pm. Scanning photomicrographs
were provided by W.G. Henk.
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peptide induced pore or channel formation in the target cell membrane. The
morphological events associated with osmotically-induced damage to 3T3 cells were
studied by exposing the cells to distilled water. Cell swelling was visible in these cells.
After one minute of the water treatment, the cells were increased in size and their
plasma membranes appeared collapsed instead of inflated possibly due to the
mechanical preparations needed for the SEM study (Fig. 16a). The appearance of
water-treated cells was very different from the appearance of cells exposed to the
synthetic peptide A21 for 1 min (Fig. 16b). Numerous round protrusions were found
on the surface of peptide-treated cells and there was no significant increase in cell size.
Despite an increase in cell size, much of the remaining plasma membranes of
water-treated cells stayed intact after 5 min in water. Organized elements in the
cytoplasm were visible through defects in the cell membrane (Fig. 17a). In contrast,
nearly all of cell membrane is absent in cells exposed to A21 for 5 min (Fig. 17b).
Organized elements of the cytoplasm are tightly organized and cytoskeletal
components are visible even in the pseudopod processes of these cells (Fig. 17b).
The fluorescent lipid label, TMA-DPH, was used to examine the integrity of
the plasma membranes of cells after exposure to water and compared to those exposed
to peptide for less than 10 min. The swelling of the cells treated with water did not
compromise the integrity of the membrane as indicated by the lack of an intracellular
lipid labeling (Fig. 18a). As noted earlier, TMA-DPH is confined to the cell surface
unless the membrane is damaged. This lipid label was clearly displayed over the entire
cell surface of water-treated cells showing no signs of membrane vesiculation (Fig.
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Figure 16.

Scanning electron microscopy of 3T3 cells after 1 min incubation with
either distilled water or A21 (21 pM). a. 3T3 cells with the water
treatment. Arrowheads point to the smooth cell surface. -Bar S pm. b.
3T3 cells with A21. The peptide-treated fibroblast shows numerous
small protrusions (arrowheads) on the cell surface. - Bar 2 pm.
Scanning photomicrographs were provided by W.G. Henk.
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Figure 17.

Scanning electron microscopy of 3T3 cells after S min incubation with
either distilled water or A21 (21 pM). a. 3T3 cells with the water
treatment. Arrow points to the area where the damaged cell surface
reveals cellular components. Arrowhead marks the cell surface area
showing no significant structural damage. -Bar S pm. b. 3T3 cells with
A21. Arrow points to the extensively damaged cell surface of a 3T3
fibroblast which no longer has an identifiable plasma membrane. - Bar
10 pm. Scanning photomicrographs were provided by W.G. Henk.
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18a). In contrast, as noted before in ceUs treated with low concentrations of melittin,
A21-treated cells also demonstrated that the TMA stain is present on membrane
vesicles and within the cytoplasm (Fig. 18b) of these cells.
Discussion
Several proposed mechanisms of peptide action suggest that cell death is
ultimately due to osmotic lysis following the formation of peptide induced membrane
pores or ion channels (Tosteson and Tosteson, 1981; Dempsey, 1990). The
characteristic features associated with osmotic lysis were not observed in these studies.
One of the principal objectives of this study was to characterize morphological
changes in peptide-treated cells in an effort to elucidate the mechanism of
peptide-induced cell death.

Therefore,

an

effort to

purposefully create

osmotically-induced cytolysis was undertaken. As demonstrated in this study, cells
that were exposed to a hypotonic solution underwent considerable swelling. Their
membranes and organized cytoplasmic elements were morphologically very different
from those features in the peptide-treated cells. Differences include a significant
increase in cell size, a wrinkled but intact plasma membrane, separation of the
cytoskeleton which is consistent with cellular swelling. The absence of significant
swelling in cells exposed to lytic peptides and the lack of a severely compromised
membrane in water-treated cells are two compelling pieces of evidence for differences
in the mechanism of cell death. These observations weaken the argument that lysis of
peptide-treated cells is osmotically induced and by extension suggest that
peptide-induced pore or ion-channel formation is not likely to develop in
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a

Figure 18.

Fluorescence microscopy of 3T3 cells treated with either distilled water
or A21 and TMA-DPH for 5-10 min. a. 3T3 cells with distilled water
and TMA-DPH. Arrowhead points to an enlarged cell labeled with
TMA-DPH on its cell surface drawing no membrane vesicles. There is
no obvious internal TMA fluorescent label, b. 3T3 cells with A21 (21
pM) and TMA-DPH. Arrowhead points to a membrane vesicle labeled
with TMA-DPH separating from the parent cell. Arrow points to the
TMA fluorescence inside the same cell. - Bar (a-b) 10 pm.
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peptide-treated cells. It appears that the loss of membrane lipids mediated by peptides
has a more important role in the mechanism of peptide toxicity.

Membrane

vesiculation may represent just one of the mechanisms responsible for peptide-induced
membrane loss.
There is another line of evidence to dispute pore formation by lytic peptides. It
has been suggested that formation of small pores in the membrane is a result of lipid
egress from the membrane caused by unstable peptides (peptides that cannot provide
structural stability to the membrane) that have been inserted into the lipid bilayer
(Katsu et al., 1989). In this study, the extent of damage to the integrity of membranes
of peptide-treated cells was widespread; small pores were not a prominent feature in
the SEM study. Furthermore, the amount of lipids lost during the peptide treatment
appeared to be enormous. The severity of membrane disintegration noted in the 5-min
peptide-treated cells is a good example of the extreme efficiency of lytic peptides in
removing the cell's plasma membrane.
Determination of Lvtic Activities of Pentides and Host Cell Susceptibilities
Results
Lytic Activities of Naturally Occurring and Synthetic Peptides
The lytic activities of naturally occurring lytic peptides and synthetic peptide
analogs against 3T3 fibroblasts are presented in Table 1.

Among the naturally

occurring lytic peptides, melittin is by far the most lytic (Sd-1 uM), followed by
magainin (Sd=60 uM) and cecropin (Sd=106 uM). S3S and hecate, the synthetic
analogs of cecropin and melittin, respectively, also demonstrated lytic activities similar
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Table 1.

Lytic activities of naturally occurring and synthetic peptides against
3T3 mouse fibroblasts. Results are expressed as a sublethal dose (Sd,
uM) which is defined as the highest peptide concentration in which less
than 100% of the cell population per well was stained with Trypan Blue
dye.
Peptides
Magainin*
G7
G14
G21
G28
A7
A14
A21
A28
T7
T14
T21
T28
Cecropin*
S3S
Melittin*
Hecate

subtethal dose
(Sd) uM
60
NL
NL
>393
38
NL
>272
11
10
NL
>517
9
19
106
>214
I
5

* Naturally occurring lytic peptides
NL Non-lytic
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to their native peptide counterparts. The remaining synthetic peptides demonstrated a
wide range of lytic activity against 3T3 cells, ranging from non-lytic to very lytic. Lytic
activity of these peptides was influenced by both peptide length and amino acid
composition. The three 7-mers were non-lytic, as well as the G14 peptide. In general
the glycine-containing peptides were not as lytic as those containing alanine regardless
of the location of lysine, i.e. A21 (Sd=ll uM) and T21 (Sd=9 uM) were more lytic
than G21 (Sd >393 uM). The lytic activity increased as the peptide length increased.
A21 (Sd-U uM) and T21 (Sd=9 uM) were more lytic than A14 (Sd>272 uM) and
T14 (Sd>517 uM). Based on their lytic activities against the 3T3 fibroblasts, these
peptides can be arbitrarily classified into four groups (Table 2): non-lytic peptides,
weak lytic peptides, strong lytic peptides, and extremely lytic peptides.
Modulation of Lytic Activities of Peptides by Phospholipase A,
The influence of PLA on the lytic activities of both native and synthetic
2

peptides are presented in Table 3. The sublethal dose of weak lytic peptides decreased
dramatically in the presence of the enzyme indicating a significant increase in the lytic
activity. For example, there was an approximate 30-fold increase in lytic activity for
S3S (before PLAj, Sd>214 uM; after PLA^ Sd=7 uM). The enhanced activity is still
peptide-concentration dependent. Strong lytic peptides, on the other hand, showed
only minimal increases in lytic activity in the presence of exogenous PLA,. The
susceptibility of 3T3 cells to killing by non-lytic peptides was not increased in the
presence of the enzyme.
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Table 2.

Classification of lytic peptides based on their lytic activities against 3T3
mouse fibroblasts.
Group

Lytic Activities

Peptides

1

Non-lytic

G7, G14, A7, T7

2

Weakly lytic*

G21, A14, T14, S35
cercropin, magainin

Strongly lytic**

G28, A21, A28, T21
T28, Hecate

extremely lytic***

Melittin

*
**
***

The peptides with sublethal doses >50 uM.
The peptides with sublethal doses >2 uM but <50 uM.
The peptides with sublethal doses <2 uM.
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Table 3.

Synergistic effect between peptides and phospholipase A,. Lytic
activities of naturally occurring and synthetic peptide (Alone) and with
phospholipase \ (PLA^ against 3T3 mouse fibroblasts. Results are
expressed as a sublethal dose (Sd, uM) which is defined as the highest
peptide concentration in which less than 100% of the cell population
per well was stained with Trypan Blue dye.
Sublethal dose (Sd)uM
Peptides

Alone

PLA2

Magainin*
G7
G14
G21
G28
A7
A14
A21
A28
T7
T14
T21
T28
Cecropin*
S3S
Melittin*
Hecate

60
NL
NL
>393
38
NL
>272
11
10
NL
>517
9
19
106
>214
1
5

15
NL
>554
49
5
NL
34
3
5
NL
32
2
2
13
7
0.5
3

* Naturally occurring peptides
NL Non-lytic
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Light Microscopy Studies
The synergistic effect of simultaneously treating 3T3 fibroblasts with a
non-lethal dose of a weak lytic peptide (S3S, 42 uM) and the phospholipase A, (1U) is
demonstrated (Fig. 19c) by the uptake of Trypan Blue stain. The labeled peptide
A21-CF was also used to examine the significance each component played in the
synergistic relationship. Cells first treated with a non-lethal dose (2 uM) of
labeled-peptide (with washing) and then exposed to the enzyme were similar to control
cells (Fig. 20a). The labeled peptide was not detected in these cells and were easily
removed by washing. When the cells, however, were treated first with the enzyme
(with washing) and then exposed to the same peptide, many cells were killed and
stained internally with A21-CF (Fig. 20b). Neither the enzyme nor the peptide alone
at the concentration used demonstrated any visible cytotoxicity (Fig. 19 a-b).
Interactions of Peptides with Different Cell Types
The same peptides that were tested previously against fibroblasts were
evaluated in a hemolysis assay using human erythrocytes and the results are presented
in Table 4. With the exception of melittin and its synthetic analog, hecate, the ability
of the peptides tested to lyse erythrocytes was markedly reduced when compared to
their ability to destroy 3T3 cells. Among other peptide analogs, A21, A28, and T28
were the only strong peptides that a sublethal dose could be determined within the
ranges of dilutions used in these experiments. Melittin and the weakly lytic peptide,
T14, were selected to further study the interactions of peptides with red blood cells.
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Figure 19.

Bright field light microscopy of 3T3 cells with/without co-treatment of
phospholipase A2 and a synthetic peptide, S3S. a. 3T3 cells with a
non-lethal dosage of S3S (42 pM). No cells show an inclusion of
Trypan Blue dye. b. 3T3 cells with a non-lethal dosage of
phospholipase A, (1U). No cells show Tiypan Blue inclusions, c. 3T3
cells with co-treatment of S3S (42 pM) and phospholipase \ (1U).
Many cells show Trypan Blue inclusions. - Bar (a-c) 10 pm.
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Figure 20.

Fluorescence microscopy o f 3T3 cells with/without co-treatment of
phospholipase \ and A21-CF . a. 3T3 cells with a non-lethal dosage
of A21-CF (2 pM). There is no visible intracellular fluorescent labeling
of A21-CF in these cells, b. 3T3 cells co-treated with phospholipase A,
(IU ) and A21-CF. Arrowheads point to the cells showing bright
internal fluorescence. - Bar (a-b) 10 pM.
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Table 4.

Lytic activities of naturally occurring and synthetic peptide analogs
against human erythrocytes. Results are expressed as a sublethal dose
(Sd, uM) which is defined as the highest peptide concentration in which
less than 100% of the cell population per well was lysed.
Peptides
Magainin*
G7
G14
G21
G28
A7
A14
A21
A28
T7
T14
T21
T28
Cecropin*
S3S
Melittin*
Hecate

sublethal dose (Sd) uM
>461
NL
>775
>573
>420
NL
>747
250
228
NL
>747
>520
188
>296
>322
1
21

* Naturally occurring peptides
NL Non-lytic
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Lytic activities of melittin and T14 against different cell types are listed in
Table S. The sublethal dose of melittin against 3T3 cells was very low (1 uM)
indicating the peptide was very effective in killing these cells. This same concentration
of melittin was also able to lyse a significant number of human red blood cells (HRBC)
(Fig. 21a), but was ineffective in lysing the same number of bovine red blood cells
(BRBC) (Fig. 21b). T14, on the other hand, was weakly lytic against 3T3 cells and
lytic activity against either HRBC or BRBC was not evident (Table 5).
Modulation of Host Cefl Susceptibility by Phospholipases
Using different combinations of peptides and enzymes, synergism between
peptides and two membrane reactive enzymes was demonstrated (Table 6). In the
presence ofPLA^ the sublethal dose of T14 against 3T3 cells was reduced by 16-fold.
Sphingomyelinase, however, did not modify this peptide's activity against 3T3 cells or
human red blood cells. In the presence of an exogenous sphingomyelinase, the
concentration of melittin necessaiy to lyse BRBC was reduced by 16-fold.
Discussion
The results of these studies to determine the lytic activities of various native
and synthetic peptides on a variety of cell types do not clearly indicate the minimum
number of charges, the minimum peptide length, the charge distribution, and the
specific amino acids required to ensure lytic activity. Undoubtedly, substitution of
glycine for alanine decreases the lytic activity, since both A21 and G21 are amphiphilic
and have the same peptide length, charge distribution, and total number of charges.
Circular dichroism study showed that G21 is a poor helix former unlike A21 (M.
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Table S.

Lytic activities of melittin and T14 against 3T3 mouse fibroblasts,
human erythrocytes (HRBC), and bovine erythrocytes (BRBC).
Results are expressed as a sublethal dose (Sd, uM) which is defined as
the highest peptide concentration in which less than 100% of the cell
population per well was stained with Trypan Blue dye (for 3T3 mouse
fibroblasts) or was lysed (for HRBC and BRBC).
Sublethal dose (Sd) uM
Cell Type

Mdittin

TI4

3T3 mouse fibroblasts

1

>517

HRBC

1

ND*

BRBC

4

ND*

* The sublethal dose was not titratable.
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Figure 21.

Bright field light microscopy of human erythrocytes and bovine
erythrocytes with melittin (1 pM). a. Human erythrocytes with 1 uM
melittin. Arrowhead points to two human red blood cells remained, b.
Bovine erythrocytes with 1 uM melittin. Very few bovine red blood
cells were lysed by melittin of the same dosage as used in a. - Bar (a-b)
20pm.
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Table 6.

Synergistic effect between peptides and phospholipases on different cell
types. Lytic activities of melittin and T14 against 3T3 mouse
fibroblasts, human erythrocytes (HRBC), and bovine erythrocytes
(BRBC) with additional phospholipase A, (PLAj, 1U) and
sphingomyelinase (SPMase, 117) for 3T3 cells, 0.2 U for RBC). Results
are expressed as sublethal dose (Sd, uM) which is defined as the
highest peptide concentration in which a less than 100% of the cell
population per well was stained with Trypan Blue dye (for 3T3 mouse
fibroblasts) or was lysed (for HRBC and BRBC).
Sublethal dose (Sd) uM

Cell Type

MeUttln

T14

Alone PLA2 SPMase

Alone PLA2 SPMase

3T3 fibroblasts

1

0.5

1

>517 32

>517

HRBC

1

1

1

ND* ND* ND*

BRBC

4

4

0.25

ND*

ND* ND*

* The sublethal dose was not titratable.
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McLaughlin, personal communication). It also appears that lytic activities increase as
the length of the peptide increases. G21 may represent a good choice for a therapeutic
peptide as it is highly effective in destroying bacterial pathogens, e.g. & coli and
Staph, aureus., while demonstrating only slight lytic activity against mammalian host
cells. Other natural peptides and their synthetic analogs were equally lytic against
pathogenic bacteria and various mammalian cells. Future studies will be necessary to
determine what additional modifications in peptide design are necessary for selective
activity against host cells and pathogens.
Others have produced synthetic alpha-helical peptides using various
combination of alanine, leucine, and lysine (Blondelle and Houghton, 1992). Many of
these synethic peptides were active against bacteria but were ineffective in lysing
human erythrocytes. However, the activity of these peptides against other cell types is
not known. Several of the LSU synthetic peptides were ineffective in lysing human or
bovine red blood cells, but demonstrated significant activity against fibroblasts. These
differences in the response of various cells to the peptides suggest that considerable
caution should be exercised in determining the activity of peptides based solely on
their ability to lyse red blood cells.
Decades ago we learned about the synergy between melittin and the
phospholipase Aj isolated from the honeybee venom (Habermann, 1957). Synergism
between this and other membrane reactive enzymes with peptides other than melittin
has been clearly demonstrated in these studies. The synergistic effects were particularly
conspicuous when relatively weak lytic peptides were used. It has been suggested that
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melittin binds to the phospholipids in the cell membrane making them more accessible
to the enzymatic attack of phospholipase A, (Yunes et al., 1977). However, the data
presented here are not in agreement with that proposed mechanism. Cells pretreated
with the enzyme were more susceptible to peptide attack than cells first treated with
the peptide and then exposed to PLAj. The enzyme might have a higher avidity to the
membrane than the peptide, or the enzyme might have modified the membrane, thereby
fostering the peptide/lipid interaction. A defect in the lipid bilayer is usually required
by phospholipase A, for activity, but the bee PLA is active against even non-defective
2

phospholipids. Such efficiency may explain why PLA2-pretreated cells were sensitive
to cooperative lysis in the presence of a non-lethal dose of weak lytic peptide.
Cells pretreated with a non-lethal concentration of A21-CF showed only slight
fluorescent label on the cell surface with no intracellular or nuclear localization of the
labeled peptide. The labeled peptide was easily washed from the surface of these cells.
The ease with which this peptide was removed from labeled cells suggests weak forces
are involved in the initial peptide/membrane binding resulting in limited to no alteration
of the membrane that could be seen by the subsequent exposure to PLAj. Similar
results were observed with unlabeled A21. However, by reversing the order of
exposure of target cells by first exposing the cells to PLA, and then treating with
peptide, significant uptake of labeled peptide and subsequent cell death was noted.
The mechanism responsible for these observations is not known, but suggests that the
enzyme alters the phospholipids of the membrane in a way which enhances
peptide/membrane interaction.
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As noted earlier, different cell types are affected differently by the same
concentration of a given peptide. Several lytic peptides were more effective in killing
3T3 cells than lysing HRBC or BRBC. HRBC were more sensitive to the lytic activity
of melittin than BRBC. This difference is particularly important as these two cell
populations share many of the same characteristics. These cells are of similar size and
shape; their membranes have comparable cholesterol and protein content, but differ
substantially in the phospholipid composition of their membranes (Zwaal et al., 1974;
Zwaal et al., 1975; Yorek, 1993). Mouse fibroblasts are enriched in PC which is
common to most mammalian tissues except the erythrocytes. Human RBC have about
an equal amount of PC and SPM. Bovine and caprine RBCs are extremely rich in
SPM with very little PC.

The differential susceptibility of various cells to lytic

peptide-induced damage and to the synergy of peptides and selective membrane
reactive enzymes appears to be closely associated with membrane phospholipid
composition. Both PC and SPM are known to have different head groups and vary in
the degree of saturation of their acyl chains. These differences may affect the
accessibility of peptides to their reactive sites in the lipid bilayer. It appears that lytic
activities increased with increasing ratios of PC.SPM. This is in agreement with other
studies suggesting that the difference in the polar head groups might be responsible for
the variations in peptide potency (Nakajima et al., 1987; Matsuzaki et al., 1991).
This synergistic effect between weak lytic peptides and the phospholipase A

2

may be responsible for the ability of weak lytic peptides such as S35 to selectively
destroy macrophages infected by the intracellular bacterial pathogen, Listeria
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monocytogenes (F.M. Enright, personal communication). As a result of either the
phagocytic process, or as a consequence of the intracellular localization of the
bacteria, the endogenous levels of PLAj and of other phospholipases are increased in
these cells (Slauson and Cooper, 1990). Regardless of the source of the enzyme,
synergism is possible when the infected cells were exposed to a non-lethal dose of
weak lytic peptide.

The ability to selectively destroy abnormal cells (infected

macrophages) without significantly damaging normal cells may form the basis of a
unique form of therapy in a number of infectious diseases characterized by intracellular
infections of macrophages.
The same synergistic relationship between lytic peptides and membrane
reactive enzymes may also be beneficial in the treatment of selected enveloped viral
infections. The budding process necessary for egress of many viruses results in an
alteration of the lipid matrix composition in the infected host cell membrane. This
process renders a unique status to the infected cell which may then allow for its
selective destruction. Another potential application is a treatment of certain tumors
whose neoplastic cells are characterized by elevated levels of endogenous
phospholipases or whose cells demonstrate marked deviations in the composition of
their membrane lipids.

Therefore, the synergy between weak lytic peptides and

phospholipases may represent the mechanism responsible for some of the
antimicrobial, antiviral, and antitumor activities associated with lytic peptides.
Understanding the lipid composition of normal host cells as well as the composition of
abnormal cells (infected or cancerous cells) may make it possible to tailor combined
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peptide/enzyme therapy to increase the selectivity of action against the abnormal cell
versus its normal neighboring cells.
The ideal antibacterial peptide should be easy to obtain and should act against a
broad spectrum of pathogens with minimal cytotoxic effects on the host cells, thereby
increasing their therapeutic index. Using the amphipathic alpha-helix as a minimalist
starting point, McLaughlin at LSU designed, synthesized, and characterized a number
of small peptides that retain or enhance the killing selectivity of some natural lytic
peptides, e.g. cecropin and magainin. These peptide analogs are easier to synthesize
than natural peptides. Data on helicity combined with the lytic activities of these
peptides against bacteria and 3T3 cells have demonstrated that peptides with very high
helicity in membrane mimetic environments, e.g. melittin and A21, result in reduced
selectivity in the destruction of the pathogens over mammalian host cells. But similar
peptides with minor changes that reduce helicity in amphipathic media, e.g. S35 and
G21, demonstrated greater selectivity (kill fewer host cells and yet retain their
antibacterial activity) than even magainin which is considered to be a highly selective
peptide. The results are exciting but it is important to appreciate that the key to
selectivity does not depend solely on the chemical characteristics of the selected
peptide but also must depend on the nature and the metabolic activities of the host
cells at the time of peptide treatments. In this study we have demonstrated synergy
only between the peptides and the bee phospholipase Aj in mouse fibroblasts. This
synergy dramatically changed the susceptibility of 3T3 fibroblasts to killing by these
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peptides. Other alterations in the host cell characteristics may lead to as yet
unexpected responses to these peptides.
Membrane Modds; Interactions off nentldcs with liposomes
Results
Interaction of Peptides with Multilamdlated Liposomes
Multilamellated liposomes composed of 9:1 ratio of PC: SPM were too small
to be resolved with light microscopy (Fig. 22a). Liposomes composed of a 3:7 ratio of
PC:SPM were large and many appeared in clusters (Fig. 23a). Though PC-rich
liposomes were not visible, the degree of damage to them after interaction with either
melittin, A21, or G21 could be assessed by the amount of debris present in the
microscopic field. Both melittin and A21 were more effective in destroying PC-rich
(9:1 PC:SPM) liposomes than G21 as indicated by a larger amount of debris present in
melittin- and A21-treated liposomes (Fig. 22b-22d). There was no significant amount
of debris observed in liposomes composed of 3:7 ratio of PC.SPM treated with all
three different peptides indicating their weak interactions (Fig. 23b-23d). These
SPM-rich liposomes appeared to be more resistant to lysis by all three peptides.
Leakage Study
The percent recovery of fluorescence was used to determine the lytic ability of
melittin, a strong native lytic peptide; A21, a strong synthetic peptide; and G21, a
weak synthetic peptide, to permeabilize liposomes composed of different ratios of PC
and SPM. Peptide concentrations were expressed as a molar ratio of lipid to peptide
in these studies. The percent recovery of fluorescence from liposomes composed of
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Figure 22.

Bright field light microscopy of multilamellar liposomes composed of
9:1 ratio o f phosphatidylcholine (PC) to sphingomyelin (SPM)
with/without melittin, A21, and G21. a. Liposomes with no peptide
treatment. Liposomes too small to be discerned, b. Liposomes with
G21 (24 pM). There is no obvious degradation debris o f liposomes, c.
Liposomes with melittin (8 pM). Arrowheads point to the lipid debris
that was lacking in a and b. d. Liposomes with A21 (24 pM). There
are significantly more degradation debris than c. - Bar (a-d) 10 pm.
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Figure 23.

Bright field light microscopy o f multilamellar liposomes composed of
3:7 ratio of phosphatidylcholine (PC) to sphingomyelin (SPM)
with/without melittin, A21, and G21. a. Liposomes with no peptide
treatment. Arrows point to liposomes in clusters, b. Liposomes with
G21 (24 pM). Liposomes are similar to the control (a) showing no
obvious degradation debris, c. Liposomes with melittin (8 pM).
Liposomes are similar to the control (a) showing no obvious
degradation debris as those demonstrated in Fig. 22c. d. Liposomes
with A21 (24 pM). Liposomes are similar to the control (a) showing
no obvious degradation debris as those demonstrated in Fig. 22d. -Bar
(a-d) 10 pm.
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mostly PC (9:1 molar ratio of PC:SPM) is presented in Figure 24. Melittin, the most
potent lytic peptide of the three tested, resulted in maximum leakage of calcein
fluorescence at a lipidrpepdde molar ratio of 170:1. Maximum activity of A21 was
noted at a 17:1 molar ratio and G21's peak activity occurred at a 1:1 ratio. The
amount of melittin required to induce the maximum leakage of the PC-rich liposomes
was ten-fold less than A21. This is the same relative activity of melittin to A21 noted
with 3T3 cells. The ability of G21 to permeabilize PC-rich liposomes was very slight.
SPM-rich liposomes were relatively more resistant to permeabilization by
melittin, A21, and G21 as shown in Figure 25, in which melittin was still the most
potent lytic peptide followed by A21 and then G21. The highest reactivity of melittin
(>90% recovery) was reached at the lipid:peptide molar ratio of 75:1 as opposed to
170:1 against PC-rich liposomes. At 188:1 molar ratio of lipids to melittin, the
percent recovery of fluorescence in SPM-rich liposomes was below 70% indicating
melittin was less efficient in permeabilizing liposomes of high SPM content. It is
evident in the study using PC-rich liposomes, melittin was able to induce greater than
70% fluorescence recovery in these liposomes at a molar ratio as high as 425:1.
Similar results were obtained with A21. The highest percent recovery induced by this
synthetic lytic peptide in SPM-rich liposomes was found at the molar ratio of 8:1 and
only 50% of this recovery was obtained at the 75:1 molar ratio. A21 was able to
induce the same maximum percent recovery in PC-rich liposomes at the molar ratio of
85:1, thus suggesting a weaker reactivity of lytic peptides against liposomes of high
SPM content. Although G21 appears to have higher reactivity against SPM-rich than
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Leakage of calcein from 100 nm liposomes composed of 9:1 molar
ratio of PC:SPM. Liposomes entrapped with calcein were treated with
melittin, A21, and G21 each for 5 min.
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Figure 25.

Leakage of calcein from 100 nm liposomes composed of 3:7 molar
ratio of PC:SPM. Liposomes entrapped with calcein were treated with
melittin, A21, and G21 each for S min.
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it demonstrated against PC-rich liposomes, it is still the weakest of the three lytic
peptides tested. The magnitude of perturbation induced by the peptides in both PCand SPM-rich liposomes was demonstrated to be concentration dependent.
Discussion
Liposomes of different phospholipid compositions were designed and prepared
as model membranes to test the hypothesis that the activity of a lytic peptide is
influenced by phospholipid composition inherent in different cell types. The liposomes
used were designed to mimic the phospholipid contents present in the plasma
membranes of mouse fibroblasts and bovine erythrocytes. Multilamellar liposomes may
have less disorder in their lipid configuration than unilamellar liposomes because
mechanical extrusion was used to make the latter ones. Therefore, multilamellar
liposomes may be more suitable to be used for morphological studies. Significant
structural damage to model membranes mediated by melittin and A21 was seen in
liposomes composed of a relatively high PC content. Sessa and Weissmann (1968)
have reported that melittin-treated PC-multilamellar liposomes were morphologically
altered to assume the forms of long strings and sometimes sheets of lipids. As
previously noted in studies with cells, the activity of these peptides was concentration
dependent. Liposomes enriched in SPM were resistant to destruction by the same lytic
peptides at concentrations which destroyed PC-rich liposomes. These results were
consistent with the observations that BRBC were relatively resistant to peptide lysis
and that this difference may be due to their high SPM content. The advantages of
using liposomes to study peptide/membrane interactions are that the phospholipid
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composition of the liposomes can be controlled and the synergistic effects of
endogenous and/or exogenous membrane reactive enzymes can be eliminated. Synergy
between peptides and the phospholipase in liposome preparations will not occur unless
the enzyme is added to the reactants. Therefore, the results indicate the direct
activities of these peptides with defined lipid populations. The data verified that the
efficacy of lytic peptides or the susceptibility of model membranes was influenced by
the phospholipid composition, and that lytic peptides are more effective against
membranes enriched in PC than SPM. This evidence further supports the notion
described previously that the difference in the polar head groups might be responsible
for the variations in peptide potency.
The percent recovery of fluorescence from unilamellar liposomes is a useful
measurement for assessing the ability of lytic peptides to increase the permeability of
lipid bilayers with defined phospholipid compositions. The relative activities of the
three peptides in the permeabilization of unilamellar liposomes matched their activities
observed in morphological studies with multilamellar liposomes and various cell types.
These studies suggest that both native peptides and synthetic peptides act in a similar
fashion and that their actions are influenced by the types of phospholipids which
compose the lipid matrix of the membrane. Since the magnitude of perturbation was
dose dependent, the efficacy of different peptides can be determined by the highest
molar ratio of lipid to peptide that caused the maximum leakage. The results suggest
that melittin was more lytic than A21, despite their mutually greater ability in lysing
PC rich liposomes, these observations were consistent with the findings noted in the
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interactions of pepitdes with the plasma membranes of various cells. Other studies
have reported perturbations of artificial membranes by melittin of similar molar ratios
(MoUby, 1978).
The structural and functional results in the liposome study appear to support
the basis for the variation of cell susceptibilities to lytic peptides, i.e. cells with a
relatively high SPM content are more likely to be less responsive to lysis by the
peptide treatment and require a higher amount of peptides to induce significant lysis.
Further, these studies suggest that lytic peptides exert their membrane reactive
properties by direct action on membrane phospholipids (without the presence of
membrane proteins) and that the packing characteristics of the various phospholipids
in the membrane dictate the reactivity of the peptide with the membrane.
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CHAPTER 4
SUMMARY/CONCLUSION
The usefulness of lytic peptides as therapeutic agents is highly dependent upon
the efficacy of the peptide against the pathogenic organism while demonstrating
minimal or no cytotoxic effects on the host cell. Therefore, the response of the host
cell to these peptides should be included in the evaluation of the effectiveness of these
peptides against pathogens. There are very few morphological studies especially on the
acute responses of host cells to lytic peptides. Further, in structure-activity relationship
studies human erythrocytes are often used to represent eukaryotic membranes. Other
mammalian tissues have not been routinely included in these studies. It has been
established that lytic proteins like melittin initially interact with phospholipids in the
lipid bilayer and lead to the disruption of the membrane.

Choosing human

erythrocytes as the model eukaryotic membrane with which to evaluate host
cell/peptide interactions may lead to incorrect assumptions on the activity of a peptide
against host tissues, because the phospholipid composition of human erythrocytes is
not common to most mammalian tissues. The relatively high content of SPM found in
membranes of mammalian red blood cells in general and in ruminant erythrocytes in
particular is different from the composition of membranes of most other mammalian
tissues, in which the cells demonstrate an enriched content of PC rather than SPM.
The impact of this difference on reactivity of lytic peptides remains to be determined,
hi this study, the principal objective was to characterize peptide interactions with
mammalian cells. The effect of lytic peptides on membrane morphology and the
121
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response of various mammalian cells with different phospholipid compositions to
natural peptides and synthetic peptide analogs were examined. Natural peptides
including melittin, cecropin, and magainin; and synthetic peptides including analogs of
natural peptides and peptides designed from a minimalist approach using a repeating
heptad unit were used in these studies.
These experiments used optical, ultrastmctural, and spectrofluorometric
techniques to document that natural and synthetic lytic peptides induced not only
functional, but morphological changes in the complex plasma membranes of cells and
in relative simple membranes of liposomes. Many peptides appeared to result in cell
death via a common mechanism as the morphological events noted were similar for
different peptides. DIC, SEM, and fluorescence studies revealed characteristic
structural and lipid changes in the plasma membranes of lytic peptide-treated
fibroblasts, and these alterations were accompanied by simultaneous changes in the
host cell permeability that was associated with cell death as indicated by its inability to
exclude vital dye. The mechanism responsible for cell death is still poorly understood,
but lysis of peptide-treated cells was not likely osmotically induced as has been
previously suggested, as there is an absence of significant changes in cell size as
expected in osmotic lysis; further, the membranes of osmotically lysed cells remained
for the most part morphologically intact as opposed to the disappearance of
membranes in peptide-treated cells. This latter observation suggests that another
possible mechanism of action of peptides may be involved. That is, the rapid loss of
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membrane suggests that peptides disorder the lipid matrix of the membrane and result
in a rapid dispersion of the phospholipid components of the membrane.
Results of DIC and fluorescence studies in using a lipid label demonstrated that
membrane vesiculation, a structural and change largely confined to the lipid matrix of
the membrane, developed mostly in cells treated with a relatively low lethal dose of
melittin and that vesicle fusion was part. Formation of vesicles may be the underlying
cause for the detachment of a large number of affected cell. Neither vesicle formation
nor cell detachment were a prominent component of the responses of cells to high
lethal concentrations of melittin. This high/low dose differential effect occurred within
a very narrow range at the lower end of lethal concentrations. Additional fluorescent
studies using a probe for membrane glycoproteins demonstrated that the membrane
vesicles were primarily composed of lipids with very little to no incorporation of
surface glycoproteins. Fluorescent microscopy also clearly demonstrated the liberation
of membrane lipids into the culture medium as a final event following the formation of
vesicles. Electron microscopy revealed that much of the plasma membrane was lost by
S minutes following peptide exposure.
In these studies it was not possible to determine if membrane vesiculation
resulted from or induced increased cell permeability as the two events occurred rapidly
and simultaneously. In the earliest phases of vesicle formation the cells were already
permeable as judged by the intracellular uptake of the lipid label and the uptake of
Trypan Blue dye, a conventional viability stain. It suggests that there is a link between
membrane vesiculation and peptide toxicity. Cell death was obvious within S min of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

124
peptide exposure. The timing of these events were in agreement with the SEM
findings. The loss of considerable membrane lipids within 5 minutes would affect many
vital activities associated with membrane proteins. Confocal microscopy in conjunction
with a glycoprotein label confirmed the translocation of membrane proteins from the
cell surface to cytoplasmic areas occurred rapidly following exposure to peptides. The
relocation of these proteins would be likely to interfere with their functional activities.
These characteristic morphological changes were not noted in fibroblasts exposed to a
non-lytic peptide or to lytic peptides at non-lethal concentrations.
The localization of lytic peptides in the plasma membrane of cells was
determined by using a fluorescently labeled peptide analog, A21-CF, whose lytic
activity was demonstrated to be equal to the lytic activity of non-labeled A21.
Following the addition of a lethal concentration, the labeled peptide was quickly
translocated from the cell's surface to its cytoplasmic and nuclear compartments.
Immediately following exposure of cells to A21-CF, considerable fluorescence was
transiently detected in the forming vesicles. With time this fluorescence became very
weak and finally disappeared. Nevertheless, the presence of fluorescence in membrane
vesicles indicated interactions of labeled peptides with the lipids involved in vesicle
formation. A possible explanation for the change in intensity of fluorescence may be
due to the binding constant of peptides and to the forces that influenced binding. Once
these basic peptides enter the cell, they are likely to interact more strongly with the
acidic cellular and nuclear substances via electrostatic forces than with neutrally
charged membrane or vesicle lipids.
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The lytic activities of several natural and synthetic peptide analogs in addition
to melittin were determined in cultured fibroblastic ceils.

These studies were

conducted to determine the role of peptide length, peptide charge, charge distribution,
or amino acid composition on peptide activity. Series of peptide analogs consisting of
various repeating heptads were designed and synthesized, and characterized in this
study. Many synthetic peptide analogs and their parent peptides demonstrated similar
lytic activities. The measurements allowed classification of these peptides into four
groups, non-lytic peptides, weak lytic peptides, strong lytic peptides, and extremely
lytic peptides. Both peptide length and the substitution of glycine for alanine affected
the activity of peptides. Truncated peptides were less lytic than peptides containing 21
or 28 residues and the substitution of glycine considerably reduced their lytic activity.
The same peptides when tested against human erythrocytes demonstrated
markedly different lytic activities than noted against fibroblasts. An obvious decrease
in lytic activities was reported for all peptides with the exception of melittin. This was
the first indication of a cell type differential effect in the lytic activities of these
peptides and resulted in additional studies with other cell types and with liposomes to
determine the basis for these differences. Supporting evidence for the existence of
differential susceptibility of various mammalian cells to peptides was gained by
studying the responses of bovine erythrocytes to melittin. Melittin, a strong lytic
peptide, was more effective in lysing human erythrocytes than bovine RBC, although
the number of target cells and the peptide dosage were the same. These two target
cells differ most in the phospholipid composition of their plasma membranes. Bovine
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RBC membranes contain considerably more SPM than human erythrocytes. It was
noted that higher concentrations of melittin were required to completely lyse an
equivalent number of the bovine cells. The result also suggested that lytic peptides do
not interact as efficiently with cells containing a high concentration of SPM in their
plasma membranes. The head group and more saturated fatty acids of SPM influence
the packing order and viscosity of SPM rich membranes. The more ordered (tightly
packed) phospholipids are less reactive with peptides and remain more stable following
interaction with lytic peptides. Both natural and synthetic peptides demonstrated less
lytic activity when exposed to liposomes composed of 70% SPM. Strong lytic
peptides were more active in lysing PC-rich than SPM-rich lipsomes in the
spectrofluorometric leakage study. Results obtained in this model membrane system
also indicated that melittin was a more efficient lytic peptide than A21, a synthetic
peptide analog, as less melittin was needed to induce an equivalent percentage of lysis.
The structural differences between these two peptides responsible for their differences
in activity have yet to be explained. The synthetic peptide contains more basic amino
acid residues than melittin and their distribution and quantity of these amino acids are
not likely to be responsible for the increased lytic activity of melittin.
As indicated in the foregoing results, mammalian erythrocytes were less
sensitive than fibroblasts to lytic peptides, hence using human erythrocytes as the
principal host cell in structure-activity relationship studies for screening peptide
toxicity may produce misleading data. The comparable results obtained in the artificial
membrane model and with 3T3 cells are significant, for the use of artificial membranes
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demonstrates direct peptide effects on lipid membranes without the confounding effect
of membrane proteins and endogenous enzymes which may modify the activity of
peptides in the cell membrane.
Studies which examined the synergy between various phospholipases and
peptides also may explain the differential effect of various peptides on a variety of
mammalian target cells. One of the notable biological activities of melittin is its ability
to produce a synergistic effect with phospholipase

Results herein indicated that a

parallel synergy exists with other naturally occurring lytic petpides as well as synthetic
peptide analogs and this membrane reactive enzymes. Furthermore, the synergistic
effect was found to be dependant on the phospholipid composition of the target cells.
The cell susceptibility to lysis was significantly enhanced by exposure of various cells
to the appropriate phospholipase based on the predominant type of phospholipid
present in cell's membrane. Melittin was less efficient in lysing bovine erythrocytes and
the resistance of these cells to lysis by melittin was reversed when exogenous
sphingomyelinase, but not phospholipase A,, was used. The synergistic effect between
the peptide and the enzyme occurred only when the corresponding substrate was
amply available in the target cell.
The synergism between a lytic peptide and a membrane reactive enzyme was
especially obvious in fibroblasts when weak lytic peptides were used. Weak lytic
peptides like S3S, a cecropin peptide analog, did not cause widespread cell death even
at relatively high concentrations. However, in conjunction with phospholipase A, the
fibroblasts became extremely susceptible to lytic peptide killing at much lower (30-fold
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reduction) doses. This magnitude of synergy may in part due to preferential reactivity
of lytic peptides with PC rather than SPM. In appropriate circumstances, synergy
between peptides and exogenous sphingomyelinase were noted but the degree of
enhanced activity was substantially less.

Thus, multiple lines of evidence were

presented to support the hypothesis that mammalian cell susceptibility to lytic peptides
is influenced by its membrane phospholipid composition and that their degree of
susceptibility can be modified by use of appropriate phospholipases.
In conclusion, it has been demonstrated that multiple factors govern the
interaction of lytic peptides and mammalian cells. Among such factors, one must
consider the peptide sequence, the peptide concentration, the presence of an
appropriate phospholipase, and the target cell membrane phospholipid composition.
When these factors were favorable for the occurrence of peptide/membrane
interactions, the lipid matrix of the cell membrane was rapidly disordered and the cells
were killed. Thus, choices of a therapeutic peptide are complicated by consideration
of the above factors which render the host's tissues susceptible to the destructive
features of these peptides. As indicated in this study, membrane phospholipid
composition plays an important role in peptide/membrane interactions.

Future

structure-activity relationship studies with peptides should include mammalian cells
other than erythrocytes. Furthermore, various kinds of phospholipases (in addition to
phospholipase A, and sphingomyelinase) known to be secreted by many pathogenic
bacteria could influence the susceptibility of host cells to the damaging effects of
peptides.

However,

the synergistic effect between weak lytic peptides and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

phospholipase A, may also be exploited to tailor the use of such peptides in treatments
of selected intracellular bacterial infections, viral infections, and in certain neoplastic
diseases. Peptides may be used in appropriate clinical situations in which abnormal
cell populations (infected or neoplastic) exist which have either abnormal modification
of phospholipid composition or abnormal levels of membrane reactive enzymes.
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